ABSTRACT
DAVERN, CAROLYNN M. Expanding théloolbox of StructurelnducingPeptoid Monomers:
Synthesis, Conformational Analysis, and Applications ofN-imino, N-alkylamino, andN-3-
(alkylamino)propydglycines.(Under the directiof Dr. Caroline Proulx).

Peptoidsare a class of peptidomimetics in which the side chain is bound to the backbone
nitrogen r acarboa, giving\hsabstituted gycirlg oligomers. Compared to peptides,
peptoids exhibit increasedsistance to proteases and greater side chain diversity. However, these
peptide mimics possess greater flexibility than their peptide counterparts because of the lack of a
chiral center and backbone hydrogen bond donor. Thus, peptoid monomers thaichmeestr
inducing, easy to incorporate, and tolerate diverse substitution patterns are especially valuable. To
restrict conformational freedom Mrsubstituted glycines, incorporation@$- andtransinducing
side chains have been reported. In this wohe tise of a wide range of hydrazones as
submonomerss demonstratedo give thetransinducing N-imino side chains, as well as the
reduction of this side chain to tiealkylamino form.Analytical techniques such &BVIR, X-ray
crystallography, and compuianal analyses of model compounds were used to confirtnathe
amide bond conformationOligomers were also synthesized on solid support following the
submonomer method. The success of these oligomers indicates that the hydrazones are
straightforward tanstall as well as be coupled on to. As hydrazones can be synthesized from
hydrazine and any commercially available aldehy#tenino andN-alkylamino glycines are able
to provide a wide range of side chain diversity, whichuisisual for a structurandudng
compound. After the initial proof of concept, the hydrazones were further explored and issues such
as imine exchange were addressed.

Further applications of thisl-imino andN-alkylamino glycines were alsmvestigated

Examples includausing tlesenowvel structureinducing residue irantimicrobial peptoids or to



provide ribbonrlike secondary structures. Both of these applications also require the incorporation
of a cationic side chain. While there has been some development with these types of peptoid
suomonomers, there was a necessity for further optimization to ensure synthetic compatibility with
theN-imino glycines. Overall, a few methods wettemptedo include a positively charged side
chain on a peptoid oligomer including direct submonomer iasiah following literature
precedent. When this did not work as well as was hoped, a new method festadatemination

was developed in which achloropropylamine submonomer was installed in pattern with other
peptoid residues, and the chloride isetadisplaced with an amine of choite form N-3-
(alkylamino)propylglycines This method allows for increased ease of synthesis compared to the
direct installation of a cationisubmonomer andill potentially allow for the formation of new

antimicrobialpeptoids or peptoids withovel secondary or higher order structures.
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CHAPTER 1
1.1Introduction to peptoids
Peptoids are a type of peptidomimetic in which the side chain is bound to the backbone nitrogen

rat her icdrbmm makihgeit al¢onstitutional isomer of a native peptiigure 1.1).

Maintained spacing
Achiral of R groups
a carbgn L

N

;\N,RCWH\)?\NELHA fl;“/\[rﬁz\)cih,/\n/a

Hg r H o R® 0 é"\\o

Native peptide Peptoid Tertiary amide
Figure 1.1 Peptide vs. peptoid structure with different peptoid characteristics highlighted.

Compared to a native peptide, peptoids have increased side chain diversity and are more resistant
to proteolysis- They are easily synthesized following the submonomer méthodoth solid

support and in solution. Peptoids can also adopt precise secatdatyres (such as ribbdns

Figure 1.2 Structuredependent applications of peptoidg. Schematic model of a twieelix bundle made usingisi n d u ¢
chiral N-(S)-( )-1-phenylethylamine glycine monomers and chiral anionic and cationic monomers withPac&y-Gly turr
region. Thiol and imidazole side chains were included ashiimting motifs to promote stabilization of the overall struc
mimicking the naturazinc finger domains in DNAinding proteinsB) Helical porphyrinpeptoid conjugate synthesized u
cisi n d u c-éhimgN-(S}( )-1-phenylethylamine glycine monomers to induce the helical fold, interspersed\vyiti%-
diaminobutane) glycines for posynthetic porphyrin conjugation for use in artificial photosynthetic compl&€jelslolecula
model of surfactant protein C peptoid structure. Helical/hydrophobic region is formed of B3 )-1-phenylethylamin
glycine monomers (greer(tharged residuedNLys andNArg are in red while a flexible, achiral region is shown in blue. V
integrated into a lipid film, it could be used as a biomimetic lung surfactant for the treatment of respiratory distresse Iy
Computational structuref a peptoid trimer withS-pyrrolidine group at théN-terminus and twd\N-(R)-1-naphthylethylamin
gl yci nes,-turh peptord for gse @& adymmetric catalysts in Michael reaci)riSomputationally optimized structt
of a peptoid sequence coordiad with uranylia N-piperonylamine glycine monomers. This work is the beginning of the ¢
and synthesis of libraries of peptoids with high affinity for the uranyl grByischematic view showing the different suri
coatings of brush (left) anddatk (right) of peptoids containing chargieethylammonium glycine monomers on 3D wirefrai
octahedrashaped DNA origami which results in varied protection effects. The study shows thatoepteid DNA origami me
serve as a multifunctional fabricatiptatform for targeted drug delivery, therapeutics, and sensing.



turns¥® helice$'1% and sheetd), leading to some structutpendent applications of peptoids.

Some examples of these applications include use as 1}ii#ng protein mimics for molecular
recognition Figure 1.2A),12 2) promoters of alternate amylefl pr ot ei n agg¥egat i o
3) helical scaffolds for use as photosensitiz€igure 1.2B),241° antimicrobial lung surfactants

(Figure 1.20),'%17 or enantioselective oxidant$,4 ) -turb structures for use as asyniriee

catalysts Figure 1.2D),* 5) ligands for uranyl sequestration from seawakégure 1.25),'° 6)

rationally designed molecular coatings for DNA origarfigQre 1.26,7) mac r ecatgnm!| i ¢ b
TCF interaction inhibitoré? and 8) antibodybinding peptoids used in bioseparatiéhdn

addition, peptoids also have merit for their use in polymer mimicry anéhsstimbly into 2D

structures (se€hapter 1.5).242

1.2 Solid phase synthesis

Peptoids are easily synthesized on solid support following an iterative set of two steps called
the submonomer meth¢8cheme 1.158 Distinct from round bottorfiask chemistry, solidphase
peptide synthesis (SPPS) can be done in a plastic cartridge using resin with a specific linker used
for building peptides, peptoids, or other peptide mimics. SPPS allows for the use of an excess of

reagents at each step, which terapromote high yields for each monomer addition cycle. After

0]

Br\)J\OH

DIC, DMF

Br\)?\ R7NA, HE \)OL
Q) QT " -Q

i

repeat until desired length

O = Rink amide resin

Scheme 1.5olid-phase submonomer peptoid synthesis method.

each reaction, the reagents are quickly drained from the reaction vessel and washed away from the
resin with solvent, eliminating the need for lengthy purifications. Standard peptoid syrghesis i
comprised of two reactions repeated until the desired oligomer length is reached. For some bulkier
or otherwise difficult submonomers, alterations to these steps are necessary. Overall, each reaction
step gives part of the whole monomer, which is whyg thiethod is dubbed the submonomer
method. First, bromoacetylation of a primary amine is performed using bromoacetic acid activated
with diisopropylcarbodiimide (DIC), followed by am& displacement with a primary amine.

These two steps are repeated until the desired peptoid length is reached (W»<gobs@ituted
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glycines is possible with up to 95% crude purftyBecause of this straightforward mode of
synthesis, peptoid synthesssdasily automatable and can be done using a fakftdr synthesis,

the peptoid is cleaved from the resin with a trifluoroacetic acid cleavage cocktail (see more in
section 2.2). The cleavage cocktail typically includes a scavenger to quench reabticatoans

that may be present in side chain protecting groups (i.e. trityl or boc).

A wide range of primary amines are commercially availaiflgure 1.3) providing a great
opportunity for side chain diversity to be incorporated during the displacement step, which is
important for downstream applications. Amines are available that semnihi@tcanonical amino
acids, as well as adding other interesting side chains such as?$tfyarspropargyl/azide

submonomers that are later used in click chemistry reactions to give triazole/triazolium

L

NH
<j/\ 2 O\/\NH BOCHNW\NH 3/\/\NH2 )K/\ /k/\ </NBOC BOC Q(\‘é//ﬁ
NN :
(\N NHZ Me—NH, \(\X\NHZ \/\NH2 /\NHz NHZ YNHZ VNH2 NH, /K

Flgure 1.3.Some commercially available amines that are available for use is solid phase peptoid synthesis.

moieities3>*2 However, one issue with using sompemary amines is that there is typically a

negligible energy difference betweeis- andtrans amide bond confirmations for most of these

submonomersHigure 1.4), and as a result neither amide bond conformation is truly preferred.
R R

Ss?ﬁr '\Il V‘???‘ Kcis/trans O* N \/‘g??_

trans-amide cis-amide

Figure 1.4 A negligible energy difference between ttis- andtrans rotamers for most peptoid mamers means that neitt
amide bond conformation is preferred.

This is partially condrred by the tertiary amide that is not present in native peptides, along with
the fact that without a native hydrogen bond donor in the backbone, long range interactions must
be obtained through other means. Mstubstituted glycinegypically do not radily allow for
formation of secondary structures on their own, which tends to preclude their ability to mimic
peptidebased drugs. Fortunately, there are some amine submonomers that have been shown in the
past to provideN-substituted glycines witlprefelences for eithecis- or trans amide bond
conformations. To quantify this preference, rotamer equilibrium constamis«} are calculated

by dividing the population of the compound in theamide bond conformation by the population

3



of the compoud in thetransamide bond conformation. Values greater than 1 indicate a preference
for thecis-conformation while values less than 1 indicateaas-amide bond preference.

1.3 Structure-inducing peptoid monomers

Steric or electronic interactions between the side chains and backbone are typically necessary
for inducing structure into peptoids. Some examples of monomers that promais- theide
bond conformati on i n c |-chirdle aromaticy'®® triagolium#3* bul ky
fluorinated®2>38tert-butyl,”3” and cationic alkyl ammoniutfiside chainsTable 1.1,entries 1
5). Thecis- conformer is typically preferred with these types of monomers in order to avoid steric
hindrance between the backbone add shain. In some cases, ttis conformation also provides
stabilizing conditions like hydrogen bonding between the backbone and side chain. In comparison,
trans inducing monomers include those with aty$>%4° hydroxyl!! alkoxy®' and acyl
hydrazidé>*3side chainsTable 1.1,entries 68). We have also recently contributed to this space
by developing hydrazones as submonomers to féimino or N-alkylamino glycines; which
are described in detail in the following chaptéisns- inducing residues typically rely on electron
density in the side chain. In th&ns conformationJone pairs on the carbonyl oxygen can avoid
the electron dense side chains (i.e. aromatic rings and heteroatoms with lone pairsis- Both
trans amide bond inducing residues are imperative in the design of predictable giqgtide
secondary structures.

Structureinducing residues have proven to be difficult to incorporate in the past due to their
reduced nucleophilicity, especially in the case ¢ N-aryl glycines Table 1.1 entry 6).
Prolongedand/or heated displacements and bromoacetylations are required to include more than
one of these residué$The addition of AgCIG@* has also been used in the past to improve yields
for theN-aryl glycine residue, especially with electraiithdrawing groups.

The othetrans inducing residues shown Trable 1.1(entries 78) are somewhat less difficult
to incorporate and are thought to utilize lone faine pair repulsion to promote the amide bond
corformation.N-alkoxy glycine monomers and their deprotected fdxamydroxy glycine, both
have oxygen as a heteroatom U to the backbon
incorporates th&l-hydroxy glyciné! in peptoid monomers and oligomers to inda¢ens-amide
bond conformation, confirmed by NMR andrXy crystallographyKigure 1.5. An advantage of

this side chain is the presence of a hydrogen bond donor in the side chain (rather than in the
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Table 1.1 Characteristics of conformationally nested peptoid monomers

Monomer Keisitrans Characteristics Disadvantages
Chiral
naphthylethylamine/ .
1-phenylethylamine Uses sterics to promote 3 _
o cisamide 1 Low monomer addition yields
Id i . .
oy Nap: ~6 Chirality can promote 1  Create overall structures that ar
| \!R Phen: ~3 handedness of too hydrophobic for use in
2 secondary structures aqueous media
OIN\)\/ formed
tert-butylamine 1  Extremely nonpolar
. 1 Incompatible with solid phase
\*/ Q >19 (L:Jissfmsi:jeerlcs to promotg synthesis because of instability
OIN during acid cleavage
1 No side chain diversity
Cationic Triazolium
R Nao” Uses electronics
N ~20 (nY" " *) tos 71  Two extra synthesis steps per
o amide monomer incorporation
OIN\)K/’ Hydrophilic
Fluoroalkyl
F Uses dipoledipole
R >‘H interactions instead of 1 Limited diversity (R only =H or
R (o] ~2 o
o N chirality or charge to F)
j: \)S’ promotecis-amide
Ammonium alkyl
R .
R.I_ Uses intramolecular
N é{ ?Ié)é?oﬁg hydrogen bonding to 1  Require multistep synthesis ste
S 10 promotecis-amide for some side chains
dependent -
OIN\)K/ Hydrophilic
1 Displacements/bromoacetylatio
Aryl .
\ must_t_)e done under special
| SR Uses electronic conditions
Z 0 0.07 repulsion to promote 9 Difficult to establish stereogenic
/Qn/N\)J\/ trans-amide groups
o 9 Difficult to establish chemical
diversity
Uses lone paii lone
pair repulsion to
BRI EIeS; Alkoxy: promotetrans-amide - . - .
R. : . I Limited side chain diversity
o O <0.05 Hydroxy side chains : ;
! . g 1 Requires deprotection step to
/kn/N\)Jw/ Hydroxy: have aintramolecular 20CesSOH
A <0.05 hydrogen bond donor t
form sheetike
structure
Acyl hydrazide Uses lone paif lone 1 Incompatible with other amine
j\ pair repulsi%n o submonomers in standard peptg
O~ 'NH O 0.05 promotetrans-amide synthgsls WheR - Ar
N Potential intermoleculay Il IREEIES (2 1D S0
acetylation and displacement
hydrogen bond donor

(e}
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backbone as in native peptides) which promotes a hydrogen bonding network. This network along
with the other electrostatic forces promote tilams-amide bond conformation for this monomer.
Homodimers of thé&-hydroxy glycine monomer were found to formarda sheetike secondary
structure enabled by the intermolecular hydrogen bdfidsi(e 1.9D).
A N-OH c
(—\ CT-Ha o Q H (e}

m odel monomer N-hydroxy homodimer

M

stronger interactions weaker interactions D, x\)\r\@
NT-H SN
|}
276A> 12604

ac,-Ha

CT-Ha
\

Figure 1.5 A) Structure oN-hydroxy glycine monomer with weak and strong NOESY interactions indicatedy@D-NOESY
NMR, where 1 is a weak interaction between the acetyl and backbone methylene and 2 is a strong interaction betwet
and sidechairOH. C) Structure oN-hydroxy glycine homodimer that crystallized i) a sheetike secondary structure enak
by intermolecular hydrogen bonds between side ct@ithand carbonyl oxygens of other homodimers.

The third knowrtrans-inducing monomer listed is tid-acyl hydrazide glycirfé*3developed
by KodadeUdnsynthaticoinvestigatioon solid supportit was discovered that libraries
of peptoids derived completely from acyl hydrazides were typically successful (thoegh
require increased equivalents of reagents and higher temperatures than used in standard peptoid
synthesis). However, including these residues in standard peptoids proved to be somewhat
problematic insomecasesUsing methylamine as theubmonomer &ér an aryl acyl hydrazide
was found to result in about 25% cyclization. Switching the primary amine used to isopropylamine

increased the percent cyclization to 70%, so it was initially concluded that the use of amines and
®
H2N4< Ar H3N4< Ar
)\ AH SIS )Y
o — T g—Tl 1o

N N N

B N
N N BLj\g N Ké( N

O

70% cyclization to
oxadiazinone

Scheme 1.2sopropylamine acts as a base instead of a nucleophile during the displacement step, promoting cyclizatio
acyl hydrazide side chains.
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acyl hydrazides to synthesize pad oligomers should be avoided when aryl acyl hydrazides are
used It was determined thatudng this displacement step, tla@nine acts as a base and
deprotonates the side chain rather than acting as a nucleophile to do the expected displacement
(Schemel.?). Interestingly, oligomers with alkyl or heteroaromatic acyl hydrazidesot cause
cyclization under the same conditici3.hough it is now an option to include aryl acyl hydrazides
in standard peptoids, alkyl or heteroaromatic acyl hydrazidegquéred to be used as spacers to
prevent cyclization, which is a disadvantage when designing primary peptoid sequences.

As fortransinducing capabiliteshti s si de chain also includes a
nitrogen (another nitrogen in this casleat again uses lone palone pair repulsions to promote
the amide bond conformation, verified Bi# NMR. The Xray crystal structure of aN-acyl
hydrazidemonomeralso demonstrates that ittrans- inducing in solid state in both the backbone
and he side chainHigure 1.6). The crystal structure also reveals that the side chain is at a ~90°
angle from the backbone, with no indication of a possible intramolecular hydrogen bond between

the side chainNH and carbonyl.

07 NH O
\n/N\)J\NH2
o)
B.
-175.1

Figure 1.6 A) Structure ofN-acylhydrazideglycine monomerB) X-ray crystal structure, indicatinfransamide bon
conformations in the sidechain and backbone.



1.4Peptoid seltassembly

Along with their ability to promote different secondary structures, peptoids have been shown
to selfassemble into different nanomaterials with both biological and electronic applications with
improved processability over peptides. Additionally, the ability tedaly synthesize peptoids
with precision and increased diversity in the primary sequence gives them another advantage over
peptides in this application.

One ofexample 6 a novelnanostructuraes the 2D peptoid nanosheet, first developed by
Zuckermann et &’ a decade agd-{gure 1.7A). Composed of amphiphilic polypeptoids with
achiral aromatic and ionic side chains, thesen28s form one of the largest 2D organic cajst
known. The amphiphilicity of these peptoids allows for sheet formation from the collapse of a
monolayer formed the awater interface while the achirality of the chains provides completely
flat peptoi d s h eskeetsformad by nasgpeppdasrthathave an intoereffit twist
because of amino acid chirality. The cationic side chains were recently discovered to lugsin the

- . 83 - Backbones
Y VNEY 'y : ] Benzenes

~ - " y (aromatic

sisochains)
- Sidechains
0 + Sidechains

VRV XY VS b b bbb ’
ey T = YN A - A "2y
1\,:\,,‘.‘_. R-\'\A. \,M\_- N Z\__ \‘_- ‘.\_A\-

9.35 nm

Figure 1.7 Adapted fromNature2015 526 415 420.The peptoid nanosheet has recently been studied at the atomic leve
moleculardynamics simulations and NM&halysisA) Bond line structure of 2&ner used in the formation of the nanoshBgt
Peptoid nanosheet obtained from molecular dynamics simulations, showing hydrophobic side chains fill in the insidesb
while the charged residues are locatedhenoutside of the she@) Single chain image of the molecular dynamics128 in the
trans-conformation compared ) single chain image of the molecular dynamics study of thm@8in thecis-conformation in
which thecis-conformation is more ordereH) Fluorescence microscopy image of observed nanosheets stained with Nile

conformatior®4” though they were initially believed to prefer tthans-conformation based on
previous studies wh isolated molecules. In fact, using simulations and stéte NMR, it was
determined that the peptoid backbone of the sheets adopted a completely new secondary structure,
thestf and, named such as it i s t hmnomesumthin o f

t
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the oligomer*4%48 When packed into lattices or crystals, peptoid polymers favor a regular,
extended, mostlgis- secondary structure which allows for increased order and tighter packing
compared to th&ans secondary structure (which was also modelé®ure 1.7b-c).

1.50verall goal and summary of dissertation

With fewer options currently available ftransinducing peptoid monomers, introducing a
new transinducing residue that is also easily incorporated and provides cheavessity is
desired. We propose that the use of hydrazones as submonomers td-y@ltb and N-

alkylamino glycine monomergFigure 1.8) will meet both criteria listed. Both monomers are
R R

gr}l o kr}lH o
/gO(NJ\/ /SO(NJ\‘/

N-imino glycine  N-aminoalkyl glycine
Figure 1.8 Structure ofN-imino andN-alkylamino glycine monomers.

hypothesized to bigansinducing due to the nitrogen heteroatamh t h | one pairs U t
nitrogen. The monomer N-iminoifonstd preventgabssible sidetchaia i p r
reactions | i ke t hoqSchemelePand may latérde raddoedkpqssptoid o r k
synthesis to reveal the hydrogen bond donor ir\Haékylamino glycine monomer side chain. A
hydrogen bond donor in the side chain has been shapvortaote the formation of other secondary
structures in the pasike theN-hydroxy glycine sheet like structurigigure 1.5d) .1* Additionally,
it has been shown that peptidda mi nat i on suppor t-sheettshacendafyor mat
structures? so the inclusion ol-alkylamino glycines may also promote the formatioscific
secondary structures.

Ultimately, it is theorized that these peptoid monomers will have utility in a variety of
areasThe ability to form specific secondary structures with a high amount of side chain diversity
means that peptoids with these maos included may be good drug candidates and antimicrobial

peptide mimics, or be able to promote sefembly into various nanostructures.
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CHAPTER 2: Solid phase peptoid synthesisf oligomers containingN-imino and N-
alkylamino glycines
Part ofthiswork was published i€hem. Sci202], 12, 8401.

Using solid phase chemistry is an efficient way to synthesize libraries of peptoid oligomers.
To better understand thélity of hydrazones as submonomers in this type of chemistry, Moth
imino and N-alkylamino glycine monomers are examined in the context of longer peptoid
oligomers Figure 2.1). In this chapter, the synthesis of these oligomers is discussedvétbng

methods for cleavage from resin and increasing side chain diversity of the hydrazone submonomer.
R R

grlu o) knllH o)
/SOTN\)J\/ /SOTN\)J\/

N-imino glycine  N-aminoalkyl glycine
Figure 2.1: Structure ofN-imino andN-alkylamino glycine monomers.

2.1N-imino glycine compatibility with other peptoid monomers

Solid phase peptoid synthesis is comprised of two reactions repeated until the desired oligome
length is reached, discussed in more detail in section 1.3. General steps consist of a
bromoacetylation of a primary amine using 0.6 M bromoacetic acid in DMF activated with neat
DIC for 25 minutes, followed by a resin wash with DMF and thenxghdsphcement with 1.5
M primary amine or hydrazone in DMF for one hour. Both steps of the synthesis are typically
performed by exposing the resin to an excess of reagent which can be quickly drained and washed
away with solvent when the reaction is completens@urification steps are required between
steps. These two steps are repeated until the desired peptoid length is reached, at which point the
peptoid is cleaved from the resin using a trifluoroacetic acid (TFA) cleavage cocktail (see more
details aboutleavages in section 2.2).

To determine how compatible the prototype benzaldehyde hydrazone is with other amines, 10
sandwich sequencesvere synthesized on Rink amide resin by alternating amines with
benzaldehyde hydrazone (the submonomer of interessylamonomersScheme 2.4). Both
aniline and aminooxy nucleophiles were included in the scope as examples of submonomers that
give transinducingN-substituted glycines. As hydrazones have not been used as submonomers in

peptoid synthesis before, this exipaent was also imperative in determining 1) how nucleophilic
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the hydrazone is, 2) how easy or difficult the bromoacetylation of the hydrazone residue would be,
and 3) how stable the hydrazone is to cleavage conditions. Oligomers were extended to the
pentaner stage to demonstrate that benzaldehyde hydrazone could also be installed at least twice

within an oligomer.

repeat cycle

| Ph Ph
¢ o R7NH, Elon
gation,
Br\)kOH \/?J\ oh \;" \)L Cleavage \)L \)L
Br ~ NHp HN s N N NH

HZNO —_—— N 2 —_— 2

DIC, DMF HO 1.5 M in DMF, NO E—— HN/ﬁf N/ﬁf N/ﬁf

2.1 25 mins x 2 2.2 1h, rt
2.4a:R =}—< 24p:R=}-CH,  24cR =W 2.4d:R = Hs{\/o""e 2.4e:R="C "Ph
0,
85% 78% 76% 84% 88%
Ph 9 0. _Ph
24f R = 24g:R = 2.4h:R = @ 2.4i: R =~
A e oH Y
60% 78%2 21% 7%

Scheme 2.1Solid phase synthesis of sandwich sequence pent@&+ers Crude purities determined from H@S at 214 nn
Unless otherwise noted, peptoids were cleaved from the resin Bsthh@RA: HO for 10 minutes’Cleavage was performed us
95:5 TFA:HO for 2h to ensure complete removal deg-butyl ester protecting group.

AThis part of the work was completed as part of my participation in anRREFin the Proulx lab.

The N-imino glycine includes a protected side chain nitrogen, preventing nucleophilic attack
onto a bromoacetylated peptoid intermediate to give cyclic products. In comparison, when using
certainN-(acylhydrazide)glycines, this nucleophilic attack is promoted, makagiore difficult
monomer to include in some cases (see sectiorf Hdyvever, this same protectid&imino side
chain was also suspected of being susceptible to-itm@nation reactions with the electrophilic
imine carbon $cheme 2.2 because of thexeess of primary amine present when performing
SPPS. If occurring, traAmination would provide a freld-amino glycine that would allow for the
formation of side products upon further bromoacetylation and displacement cycles. Thus far,

evidence of this die reaction occurring has not been deteciad C-MS.
Ph

N "o
J' T
N\)oL 1.5 M R-NH, RO zsR ©
N NH, : )
Br N
TNY
2.5 NH, O
%9 HN/\[]/N\)J\'}I/\"/NHz + RNQ/Ph
R O R O
2.7

Scheme 2.2Possible trangnination due to excess primary amine duriimgmine displacement step is not detected vieM&
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Overall, high crude purities are reported for most pentamers made following standard
conditions, demonstrating the ease of synthesis with benzaldehyde hydrazone as a submonomer.
With these results, it was confirmed that the benzaldehyde hydrazone submorame
nucleophilic enough to displace the bromine in the displacement step. Once installed, the
benzaldehyd&l-imino glycine monomer 1) can be bromoacetylated once installed in the peptoid,
and 2) is stable to 95:5 TFA:B cleavge conditions.

The relative nucleophilicity of benzaldehyde hydrazone was also tested in a tripeptoid version
of 2.4f by changing the haloacetic acid usedobe its installation (use of chloroacetic acid is
necessary when working with heterocyclic side chains, see section 2.3). When chloroacetic acid
was used in place of bromoacetic acid, the displacement with benzaldehyde hydrazone failed
unless potassium dide (KI) is also present to give the more reactive iodoacetamidarafitu
halogen exchange (s&@able 2.1).2 Thus, it can be concluded that benzaldehyde hydrazame is
as strong of a nucleophile as other primary amines thabdieequire the presence of Kl in the
displacement step, such aplenylethylamine. However, it is likely a stronger nucleophile than
benzoic hydrazide (used to make aNAacylhydrazide glycines), which cannot displace the

chloride at increased temperatorewith the use of microwave irradiatiéhe use of Kl was not

tested.
Table 2.2 Nucleophilicty of benzaldehyde hydrazone in peptoid trimer synthesis.
o 1.
" X\)k jh X\AOH jh )
H X=Cl orlo?:'r—' NJOL XDICC|IZ)OI\;IEr NH HNZ\)L NH
N |
HN DIC, DMF HN NH; 2 N
)ﬁo( \O —>2. N)ﬁo( 2 Pha~y NH, W ), O
PN, 2 1.5 M in DMF
displacement 3. TFA: H,0, 95: 5 viv 211
2.8 conditions 2.9 10 mins '
. . Haloacetylation hydrazone displacement Cr_ude Cryde
Entry Haloacetic acid o " purity of purity of
reaction time conditions
2.10 2.11
1 Bromoacetic acid 5 min 1.5 M in DMF 91 0
2 Chloroacetic acid 5 min 1.5 M in DMF 9 86
3 Chloroacetic acid 5 min 1.5Min 1.0 M Kl in DMF 95 0

aBromoacetic acid was used in the haloacetylation step to make confh8uhidehaloacetic acid listed in the table was t
for the final two submonomer additions in the respective tripeptoid

Pentamer2.4hi had lower crude purities than the other oligomers included in this scope.
Amines like aniline an@-benzylhydroxylaminénave proven to be difficult to incorporatethre
past, whether due to reduced nucleophilicity of the glycine residue in bromoacetylatiorNsteps (
aryl glycines, see section 1.4) or si@dactions going on with the side chain imine. Previous work

in the Proulx research group utiliziMraryl peptidesas precursors in oxime ligations led to the
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consideration that the lower crude purity of pentatéh could be attributed to the oxidation of
the N-terminalN-aryl glycine. Gcheme 2.3*"However , t he -oxomidehywsgde ndi ng

j’h jh Ph
N o N o o
N ® N\)g, ‘
HNTY \)K/’/ Air HNZY H0 OWN\)S)
t 0 — o) —
o
2.12 - 2.13 N 2.14

possible byproduct:
a-0x0 aldehyde

Scheme2.3: Possi bl e pr oakealdehydd produntanhad-phenyl glicinelis present at tieterminus is nc
detected via LEMS.

product .14 was not observed yC-MS analysis. The ease of synthesis of sandwich sequences
with other primary amines implies that the synthetic problem lies with the aniline submonomer
rather than the benzaldehyde hydrazone.

Theo-benzyl hydroxylamine is suspected to be an issue because of cyclifaimn(e 2.4
After the displacement step withbenzylhydroxylamine, the electratonating character of the
oxygen heteroatom seems to increasenieeophilicity of theN-substituted glycine residue
enough to attack the imine carbon in the previous side chain, resulting -imesmber ring
(discussedn further detail in Chapter 3). In sam@edi, a potential cyclized trimer is detected
with 27% crude purity, thus preventing the oligomer from being extended to the pentamer stage.
To include these two side chains in sequence, it would be best tat@alénat the benzaldehyde
hydrazone is included after tbebenzyl hydroxylamine, thus preventing any possible cyclization.
However, if it is desired to pattern these two in a longer sands@ghence pattern, it would be
best to bromoacetylate tiNealkoxy side chain immediately after the displacement wash steps are

complete to reduce the likelihood that this undesired cyclization would occur.
Ph

Ph
(\Sl o PT. D /F"\h
. N O.
H’}'/\[r \)S/ —_— N™ "NH O
ro 0 N
Ph o

2.15 2.16

Scheme 2.4Possible product formation of cyclized byproduct whealkoxy glycine is present at théterminus. Additions
evidence of this occurring in the solid state is presentecttioaes.2.

p-alanine t-butyl ester 2.4¢9 was also included as a submonomer to determine the
compatibility of benzaldehydey dr azone wi t h a laninet-butylcestar wasi d u e .

incorporated with ease, which is promising for the us&l-@hino glycines and a negatively
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charged residue for forming secondary structures. The longer 95:5 T®Alavage (required
for t-butyl ester deprotection) also ditht seem to decompose tieimino glycines in the

pentamer.

2.2 Cleavage ofN-imino and N-alkylamino glycine containing peptoids

To analyze peptoids synthesized with SPPS, they must be released from the resin using an
acidic cleavage cocktail. In this work, ti@&terminus of the peptoid is bound to the polystyrene
Rink amide resin with a carbamate linker that is stable to mild acid or base. After synthesis of the
peptoid following the submonomer method, the peptoid is reddageleaving the linker with a
strong acid |ike TFA. The acid is typically t
contains carbocation scavengers that prevent any side reactions that may be caused by the
deprotection of peptoid side chaifie. atert-butyloxycarbonyl[Boc] or trityl [Trt] protecting
group). Some common carbocation scavengers used in peptide and peptoid chemistry are water,
triisopropylsilane (TIPS), triethylsilane (TES), and phenol, among others.

In section 2.1, most oligomers were cleaved from the resin using a copepwid cleavage
cocktail: 95:5 TFA:HO for 10 minutes (or 2h for pepto®&l4g. During the synthesis of sandwich
sequences, it was noted that if the peptoid was cleaved at the tetramer stage (\Whienenan
glycine is at theN-terminus) with this cleaage cocktail, the hydrazone side chain would easily
undergo acietatalyzed hydrolysisScheme 2.5 giving an unsubstituteld-amino glycine residue.

Luckily, in the case of benzaldehyde hydrazone, acetylation or embedding this submonomer within
a peptoidresulted in little to no hydrolysis of the side chain. When embedded or acetylated, the
pKa of the side chain nitrogen may be lower than when it is not embedded/acetylated, meaning it
is less likely to be protonated in acidic conditions, thus nucleopattiick by a weaker nucleophile

(water) is not promoted.
more basic less basic

&N/ KN/ TFA: H,0, k® Ho P\CN th

NH2

HN\)LNWN\)LNW Q 95: 5 viv, 10 min H,O HN\)LNWN\)LNWNHg HNQ&NWN%NWNHZ

Y S

Ph 247 Ph Ph 218 Ph Ph 219 Ph

Scheme 2.5Acid catalyzed hydrolysis ¢f-terminalN-imino glycine residue. Predicted giKs o f nitrogeri atoros in the si
chain are indicated that may explain wkiterminalN-imino glycine side chains are more easily hydrolyzed than those tl
embedded within the peptoid.

Additionally, the addition of common carbocation scavengers (such as TIPS or TES) to the

cleavage cocktail resulted in the reduction of the C=N imine bond in the side chainNe the
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alkylamino form. Again, it is hypothesized that the TFA in the cleavage cocktail is protonating the
imine nitrogen to some extent, thus making the imine carbon a good electrophile for the attack of
the hydride (a strong nucleophile) present in the silyl agents. TES hashzeem to be the most
effective reducing agent during these reactions, possibly because it is less sterically hindered. The
discovery of this ongot cleavage and reduction was especially exciting because previous attempts
to reduce the imine on resin ugiacetic acid and sodium cyanoborohydftidigl not produce a

full reduction of a singl&-imino glycine. Overall, using TES as a reducing agent in the cleavage
cocktail provides easy access to peptoid monomers with a new hydrogen bond donor site (NH)
thatmay contribute to the overall stability of secondary structures of the oligomers.

The ability to achieve a single product is very important in the future use of these peptoid
monomers, so with these different examples in mind, more resin cleavage conditions were tested
using tripeptoid2.20as a model compounddble 2.9. A standard petide cleavage cocktail was
attempted first Table 2.2 entry 1). This resulted in a mixture of products including botH\the
imino and N-alkylamino versions at a surprisingly low total crude purity of 26% (% area
corresponding to the sum 2f21+ 2.22 among other unidentified peaks. Reducing the time of
the reaction to 10 minutes instead of 2 h (entry 2) dramatically increased the crude gty of
and 2.22 but the lack of selectivity led to the exploration of other cleavage conditions. After

removirg TIPS from the cleavage cocktail (entried)3 compound.21is detected as the only

Table 2.20ptimization of peptoid cleavage from the resB0

L ©/d>2 o ©/J 0
NWNJLNW Q) cleavage

@”@” o

NQLN/YNHQ
222
Entry Cleavage cocktail Time Crude purity(%) 2.21:2.22ratio
1 TFA: H,O: TIPS 95: 2.5: 2.5 10 min 60 67:33
2 TFA: H,O: TIPS 95: 2.5: 2.5 2h 26 34: 66
3 TFA:H20 95:5 10 min 75 100: 0
4 TFA: H,0 95: 5 2h 66 100: 0
5 TFA: TES 95:5 10 min 89 2:98
6 TFA: TES 95: 5 2h 76 0: 100
7 TFA: TIPS 90: 10 2h 61 5:95
TFA: CH,Cl,: TIPS .
8 4550 5 2h 58 57:43
9 TFA: phenol 95: 5 2h 69 100: 0

3 C-MS purity of the crude peptoid mixture at 214 nm (i.e., % area corresponding to the & v12.22.°The peptoid wa
precipitated in cold EO beforel C-MS analysis.
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major product in good crude purities at 10 minutes and two hours, consistent with previous results
with pentamers3cheme2.1). With only TIPS as scavenger in the clegavaocktail (entry 7), both
2.21and2.22were detected in about a 5:95 ratio, but without the other unknown byproducts that
lowered the crude purity in entry 1. As using only water or only TIPS as the scavenger results in
better crude purities, it woulceem that a side reaction requiring both the TIPS ai@ td be
present is occurring in entries 1 and 2.

Using 95:5 TFA:TES for 10 minutes or 2 hours (entried) 5esults in peptoi@.22 as the
major product with 100% conversion2d@2after 2 hours whea single benzaldehyde hydrazone
submonomer is included. Entries 5 and 6 using TES both have higher crude purities than entry 7
using TIPS, indicating that fewer side reactions are going on. TES is also shown to be a better
reducing agent than TIPS in thes®ries because it resulted in more complete conversidi22o
at half the concentration. Finally, to obté@lr21while preventing both hydrolysis and reduction
reactions, a 95:5 TFA:phenol cleavage was used (entry 9). Phenol is another common scavenger
used in peptide chemistry. Using these cleavage condifidiisyas obtained in comparable crude
purities to entries 3 and 4 after a cold ether precipitation to remove the excess phenol.

As an example of the utility of cleavages 3 and 6 fikable 2.2 bah were used on a longer
oligomer. Benzaldehyde hydrazone was incorporated interaeto further demonstrate its ease
of use in longer oligomers. The -b¥er includes 9N-imino glycine residues, each separated by
two N-(2-(methoxyethyl)glycines to increa solubility in water and was made using automated
SPPS. Crude purities of 63% with a 10 minute 95:5 TE®:idleavage (Cleavage A) and 69%
with a two hour 95:5 TFA:TES cleavage (Cleavage B, repeated with fresh cocktail for another two
hours to reach full reduction of all fid-imino glycine side chains to tié¢-alkylamino form) are
very promising Figure 2.2ab). Disappointingly, reducing the number oN-(2-
(methoxyethyl)glycine residues between Nwamino glycines to one or zero instead of two also
diminished the crude purity of the longer oligomersifidr and 7mer) so they may require further
optimization(Figure 2.2¢f). On the robot, the major byproduct of then@r is a single hydrazone

deletion.
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Figure 2.2.CrudeLC-MS traces before purification at 214 nm of an oligomer containingN#imaino glycine residues deriv
from benzaldehyde hydrazone A) with twarthoxyethylamine spacers cleaved using Cleavage A for 10 minutes (unre
B) with two 2methoxyethylaminspacers cleaved using Cleavage B for 2h (reduced), followed by treatment of the cruds
with a fresh solution for another 2 h; C) with onengthoxyethylamine spacer, cleaved using Cleavage A for 10 ir
(unreduced); D) with one-2iethoxyethylamie spacer, cleaved using Cleavage B for 2h (reduced), followed by treatmetr
crude peptoid with a fresh solution for another 2 h; E) with 1moethoxyethylamine spacers cleaved, using Cleavage A
minutes (unreduced); and F) with narigthoxyetlylamine spacers cleaved using Cleavage B for 2h (reduced).
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2.3Increasing sidechain diversity of N-imino glycines

Diversity within the hydrazone side chain is imperative to the utilittNafmino and N-
alkylamino glycines. Most of the othans- inducing esidues in the literature do not have much
of an opportunity to easily include various aliphatic, aromatic, or heterocyclic moiEtues.
methods for increasing side chain diversitiNumino glycines have been attempted here.

In Method A, an acetylated peptoid trimer containing dwé&mino glycine with an
unsubstituted benzaldehyde hydrazone side chain was synthesized following normal procedures
(trimer length being used for a proof of conceptph2nylethylamine was selected as the spacer
because of its success with the original sandwich sequencesr(szdfiand to also provide an
aromatic side chain to facilitate straightforwai@-MS analyses of oligomers that include non
aromatic side chains. The benzaldehyde side chain is orthogonally deprotected using 1.5 M
hydroxylamine hydrochloride in pyriding 60°C (agitated in sonicator for 2 x 12 h), inspired by
the solid phase azapeptide submonomer method in which absml semicarbazone
intermediate is chemoselectively deprotected using these condifibese conditions resulted in

a full conversiorto the freeN-amino monomer within the tripeptoid hyC-MS. This trimer was
Ph Ph Ph Ph

5 g & .

0] (o] H (e} o
HN N 10% acetic anhydride
\)’L’\“/ﬁ( \)LHO e TN\)LE%N\AH ‘ ’
NS

rt, 40 min
N O
Ph Ph
2.29 2.30
Ph Ph
PSS
N N
0 TN N,
Ph Ph )‘L CIeavageA (6] Nﬁ o
R™H _ oo R
1.5 M NH,OH-HCI (0] (0] 1.5 M in DMF 95: 5 vIv TFA.HZO
in pyr WNQLNWNQLNO i, 12 h 10 min 2.32
60°C,2x12h \ N Ph Ph
0 NH, O
Cleavage B
2.31 95: 5 v/v TFA:TES o i
" Lo ViV .
N N
2h ~ JLNW \)LNHZ
|
(0] HNw (0]
R
2.33
/ o]
a:R= §—® C;R=§—©—F e:R= %OBr g:R= %Oo itR= %4@ kiR = %I
2.32: 69% 2.32: 73% 2.32: 80% 2.32: 73% 2.32: 33% 2.32: 38%
2.33: 69% 2.33:61% 2.33: 75% 2.33: 56% 2.33: 38% 2.33: 65%
S
b:R = :R= Cl "R = ‘R = R =
gOCFs d:R %O f:R §4®* h:R= é—@ jiR= E—O R = ; {
2.32: 74% 2.32: 76% 2.32: 76% 2.32: 60% 2.32: 50% 2.32: 39%
2.33: 62% 2.33: 69% 2.33: 70% 2.33:61% 2.33: 49% 2.33: 68%

Scheme 2.6Method A for increasing side chain diversiGrude purities of peptoid pentam&.82a-1 and 2.3%-| at 214 nmTo
obtain trimers2.32al, Cleavage A (95:5 TFA:¥D) was used f0l0 minutes, and to obtath33al, Cleavage B (95:5 TFA:TE

was used for 2 h.
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then treated with a 1.5 M aldehyde solution in DMF to perform a condensation reaction between
the free amine and the aldehyde, resulting in the formation of several diffeiranto side chains
with reasonable crude puritieScheme 2.k

The majority of the cleavages listedTiable 2.2were tested on all side chains in this scope
(seeTable 5.3in Chapter 5) and the various, n&kimino glycine residues had similar crude
purities compared to the unsubstituted benzaldehyde hydrazone. However, it was noted that when
the benzaldehyde side chain is replaced with an aliphatic side phaithé crude purity of trimer
2.32is greatly reduced compared to other entries in this schpa @leavage A (95:5 TFAXD)
is used for 10 minutes. The major byproduct using these cleavage conditions is the deotected
amino glycine trimer (identical t8.31), indicating that aliphatic hydrazone sidechains are more
susceptible to hydrolysis evemhen embedded within the residue. It was considered that the
condensation did not go to completion andMkemino glycine residue was simply unreaceg1l,
but since this byproduct is not detected when Cleavage B (95:5 TFA:TES) is used for 2 h (only
giving 2.33}l), it can be deduced that tiNeamino glycine is a result of hydrolysis instead of
incomplete reaction. Related, TES had the best success as a reducing agent across the board with
no observed unreduced-imino glycines after two hours (with thexaeption of2.33i which
reached 90% reduction). The use of TIPS as the reducing agent did not provide full conversion to
2.33 as the major product when tiNimino glycine monomer included electranthdrawing
aromatic ringslg-€). Overall, while Method Anay be convenient for screening various side chains
at a single position in a peptoid, the utility is limited because it should only be used if 1) it is
desired for alN-imino glycines in a peptoid to be the same or 2) there is onliNemeno glycine
in the peptoid to replace.

In contrast, Method B is a more versatile method for increasing diversity. By synthesizing
premade aliphatic, aromatic, or heterocyclic hydrazones and using them as different submonomers
during peptoid synthesis, the limitationsMéthod A are avoided. To this end, pentani:B5-
2.38al (Schemes 2.7, 2.and 2.9 were synthesized to determine the effectiveness of various
hydrazones as submonomers in solid phase submonomer peptoid synthesis. -Ebfctron
benzaldehyde hydrazone sabnomers 4 andb) were able to be installed following standard
procedure (28ninute bromoacetylations followed by dhdur displacement with 1.5 M solutions)
without detection of a deletion side produstlieme 2.). Displacements using:bromo andp-

(trifluoromethyl)benzaldehyde hydrazone submonomers required optimizatbte(2.3, likely
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Scheme2.7. Method B for increasing side chain diversiGrude purities opeptoid pentamerd.37ad and 2.38-d at 214 nrr
aHydrazone displacements were performed in a heated sonicatoPHathazone displacements were performed with a
solution for 2 h in &0°Csonicator battfCrudepurity after a second treatment with a fresh solution of 95: 5 TFA: TES for

due to reduced nucleophilicity brought on by the eleetwdhdrawing groups. It was found that
increasing hydrazong concentration to 3 M, increasing the reaction time t, and performing
the reaction in a heated sonicator was necessary to provide pe@tdiftin good crude purity
when Cleavage A is used. This indicates that the issue was with the displacement and not the
subsequent bromoacetylation (as it is wiiaryl glycines). When cleaved from the resin with
Cleavage B, reduced pentan2eB8dwas detected with 74% conversion, with an additional peak
corresponding to the pentamer with only one out of two oNtimaino side chains reduced to the
N-alkylamino form After a second exposure to the cleavage conditions for another two hours, the
peptoid was completely reduced and detected in 84% crude purity. In comparisqn, the
bromobenzaldehyde hydrazonelso required heated displacements at the standard cotioentra
and reaction time, and bottrimino side chains present in the pentamer were reduced i the
alkylamino form after a single exposure to Cleavage B conditions. The final methods used for
hydrazonec andd are indicated in the table in red.

Heterocyclic hydrazones also require special synthesis conditions for displac8ctesmé
2.9). To prevent irreversible alkylation at the heteroatom as previously refatitaipacetic acid
was used instead of bromoacetic acid, and the haloacetylation step is shortened to 5 minutes.

Chloroacetic acid is a less labile haloacetic acid than bromoacetic acid, thus increasing the
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Table 2.30ptimization pentamer synthesis including hydrazone submonanagrdd

Haloacetylation

First Hydrazone Displacement
Displacement

Haloacetylation

Second Hydrazone Displacement
Displacement

Crude Crude
Purity purity
R group acgﬁlclzoélcid Time Conc. (M) Time Temp. aczséoélcid Len_gth Conc. (M) Time (h) Temp. with with
used (min) (h) used (min) Clezvage Clegvage
2.37 2.38
BrAc 25 1.5 1 rt BrAc 25 1.5 1 60 °C 58 54
BrAc 25 1.5 1 rt BrAc 25 1.5 1 rt 40 NAS®
BrAc 25 1.5 1 rt ClAc 5 1.5 1 rt 38 NAS®
¢ BrAc 25 15 1 rt ClAc 5 1.5 1 60 °C 66 NA®
BrAc 25 1.5 1 rt BrAc 25 1.5 1 60 °C 58 55
BrAc 25 15 1 60 °C BrAc 25 1.5 1 60 °C 63 72
BrAc 25 3.0 4 rt BrAc 25 3.0 4 rt 31 NA®
BrAc 25 3.0 4 rt BrAc 25 3.0 4 60 °C 50 NA®
d BrAc 25 3.0 4 rt BrAc 25 3.0 2 60 °C 81 58(10)
BrAc 25 3.0 4 rt BrAc 25 15 1 60 °C 80 NA®
BrAc 25 30 2 60 °C BrAc 25 3.0 2 60 °C 89 74(11)

aClAc is chloroacetic acid and BrAc is bromoacetic &ldlues in parentheses represents the crude purity of the pentamer with only a$inigie §lycine side chain reduce:
to the Nalkylaminoglycine Hydrazone solution made using 1.0 M Kl in DMF instead of DMEated in a sonicator batileavageB was not performed on this sample
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selectivity between the desired haloacetylation step and unwanted heteroatom alkylation.
When performing thedisplacement step on oligomers that used chloroacetic acid in the
haloacetylation step, including KI is imperative for less nucleophilic submonomers, such as
hydrazones (as shown in section 2.1). While standard primary amineglienglethylamine are
strong enough nucleophiles to displace the chlorine on their own (1.5 M solutions in DMF),
hydrazones are required to be made with Kl present (1.0 M Kl in DMF is used to make the 1.5 M
hydrazone solution). Interestingly, no reduction of the imine bond afalagdes with nitrogen

containing heterocycle® éndf) was detected after using the 95:5 TFA:TES cleavage conditions

for 2 hours.
5min, 0.6 M 5min, 0.6 M
Ph in DMF with Ph Ph cl in DMF with Ph Ph oh
Tl
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Scheme2.8 Method B for increasing side chain diversiBrude purities of peptoid pentam@:87eg and 2.38e-g at 214 nm.
While performing these studies, it was considered that the imine nitrogen could also be a

nucleophilic atom where unwanted alkylation could occur when using bromoacetic acid for all
hydrazones included in the scope, thus lowering crude purities of hydreaotaining oligomers.
However, when results were compared for the same oligomer using eith@inae
bromoacetylations or-Binute chloroacetylations, there was not an increase in yield using the
chloroacetic acid. This indicates that the alkylatiothefimine nitrogen with bromoacetic acid is

not likely to be occurring and causing major side products.
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Pentamers with aliphatid-imino glycines were also synthesized following similar methods
(Scheme 2.9, 2.24h). Similar to the results from Method B, pentamers with aliphgtimino
glycines demonstrated increased rates of -eatdlyzed side chain hydrolysis compared to
aromatic and heterocyclic side chains when using Cleavage A, even when embedded within an
oligomer. This results in a mixture of products, with the fke@mino glycine sidechain as the
major byproduct. This byproduct was detected at a much lower crude purity for pentamers with

cyclic aliphaticN-imino glycine side chains. Phenol cleavage cood#iwere expected to prevent

o] 25 min, 0.6 [e] 25min, 0.6
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o Br\)kOH with DIC ;h i r\)kOH w(ith DII)C Ph Ph Ph
t) o) o) 2 nea o) o) o
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Scheme2.9. Method B for increasing side chain diversiBrude purities of gptoid pentamer®.37h| and2.38hl at 214 nm.
aThe major side product corresponds to hydrolysis of one or more hydrazone side chains.

hydrolysis but was sometimes detected_&¢MS for aliphatic side chains which means that the
hydrolysis may be taking place in th€-MS vial itself. The use of Cleavage B increased the crude
purities of all linear aliphatidl-imino glycines 2.38hj), while keeping the crude purities of both
cyclic aliphaticN-imino glycines about the sam2.88k1).

To study aliphatic hydrazone analogs that lacked enolizable protons, pivaldehyde hydrazone
was synthesized and incorporated ipemtameR2.39following normal conditions used for other
aliphatic side chaind=(gure 2.3 not included in original scope). However, the bulkiness of the
side chain seems to prevent the submonomer from installing completely, resulting in tBtddmer

The hydrolyzed produ@.40is also still detected with Cleavage A at the pentamer stage.
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Figure 2.3 Detected products and byproducts of attempted synthesis of a pivaldehyde hydrazone containinghgatanhes-
MS at 214 nm.

Inconsistencies and reproducibility issues with oligomers containing aliphatic hydrazones led
to the exploration of both the hydrazone synthesis method and the SPPS optimization. To optimize
the displacement conditions for aliphatic hydrazones, hydrazsas used as a model compound
(Table 2.4). Ultimately, using chloroacetic acid and Kl in the hydrazone displacements, decreasing
the haloacetylation time, and heating the second hydrazone displacemeotitmholvide as high
crude purities as the standardnditions that are also used for electdmmating benzaldehyde
hydrazone submonomers (sBeheme 2.). The final method used for all aliphatic hydrazone

submonomers is indicated in red?2

Table 2.40ptimization pentamer synthesis including hydrazone submonamers

First Hydrazone Displacement Second HydrazonBisplacement
Haloacetylation Displacement Haloacetylation Displacement
Crude Crude
Halo- Halo- Lenat Purity  purity
R acetic Time Conc. Time Tem acetic h ' conc. Time Tem with with
group acid  (min) (M) (h) P- acid mny ™ (h) P- Cleava Cleava
used used ge A ge B
2.37 2.38
ClAc 5 1.5 1 rt ClAc 5 1.5 1 rt 20(35) 63
) BrAc 5 1.5 1 rt BrAc 5 1.5 1 rt 19(27) 51
i
BrAc 25 15 1 rt BrAc 25 1.5 1 60 °C' | 37(29) NA®
BrAc 25 1.5 1 rt BrAc 25 1.5 1 rt 27(42) 73

3ClAc is chloroacetic acid and BrAc is bromoacetic a8idlues in parentheses represents the crude purity of the pentame
one hydrolyzed Nmino glycine side chaifHydrazone solution made using 1.0 M Kl in DMF instead of DR#feated in a
sonicator batliCleavage VI was not performed on this sample
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To show the generality of hydrazone submonomers in peptoidesystia longer oligomer
containing multiple, different hydrazones with varying characteristics and electronics was
synthesizedRigure 2.4). Following the 2spacer patterning of the most successful oligomer with
5 benzaldehyde hydrazones, anotheniss wa synthesized by automated solid phase peptoid
synthesis. All hydrazones included were installed in 1 h using 1.5 M solutions of freshly prepared
hydrazone in DMF except fqr-(trifluoromethyl)benzaldehyde hydrazone which required a 3 M
solution to be usefbr 4 h. When the peptoid was cleaved from resin using 95:5 TFA:TES for 2h,
followed by a second treatment with the same conditions for another 2 h, the desired product with
all 5 imines reduced was detectedU§y-MS. Cleavage A (95:5 TFA:}D) was noattempted as
two aliphatic side chains were included, which tend to hydrolyze more rapidly. The ability to
incorporate aromatic side chains with differing electronics along with aliphatic side chains show

how versatile hydrazone submonomers are in thihegis of peptoid oligomers.

HNﬁszJ;N/ENJ;\,/TNJK:;\CTNJ;(TNJ?TN%E%N%NHZ

2.42
CF3

400

300

14 nm)

All 5 reduced

200 65.5%
\ 4 reduced

100 / 6.5%

2

mAbs (

-100

['ime (min)

Figure 2.4. LC-MS traces before purification at 214 nm of a peptoid 15mer containing five difféadkylamino glycine residue
cleaved from solid support usi®: 5 TFA: TES for 2 l{Cleavage B)followed by a second treatment with a fresh solution ¢
5 TFA: TES for 2 h.

2.4 Optimization of hydrazone synthesis methods

While completing the scopes &chemes 2.-2.9 it was discovered that the method of
hydrazone synthesis was imperative to the success of tfesionoligomer synthesi&enerally,
hydrazones are synthesized by reacting an aldehyde with an excess of hydrazine in ethanol, and

then usedwithout further purification, only an aqueous workdpAn excess of hydrazine is
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typically necessary along with a slow addition of the aldehyde or ketone to avoid a major byproduct
being formed when the hydrazine attacks two distinct carbonyls usingvtheatcleophilic
nitrogen atoms present (s&heme 2.1 Following this general method, hundreds of new
hydrazone submonomers should be able to be synthesized from common carbony! building blocks
for use in SPPS for oligomers containidgmino andN-alkylamino glycines. In this work, three
hydrazone synthesis procedures are attempted.

Procedure | forsynthesizing hydrazones is a modified version of the general hydrazone

synthesis done by the Lubell grotfdn Procedure IScheme 2.11,)| the aldehyde of interest is

R1

0 R'" N over-reaction ;
_ N 1 unreactive
Rl R1KR2 Y; N2 RY/N‘N/)\R2 byproduct
R R2
2.43 2.44 245 2.46

Scheme 2.10Typically, without a large excess of hydrazine, hydrazad&is present in high enough relative concentratic
attack the aldehyde or ketoRel4still remaining in solution, leading to production of unreactive bypro24d

added dropwise to the stirring excess of hydrazine monohydrate in ethanol at 0%Geihad is
followed by aqueous workup including saturated brine and 5% NaHUO®@ organic product is

not purified. While attempting to synthesize 12 different hydrazones using this method, it was
discovered that it may not be the best method for elegoon benzaldehydes or aliphatic
aldehydes, though it works well for the synthesis of eleatimmating benzaldehydes and
heterocycles.

Procedure fit (Scheme 2.11, ) was found in the literature specifically for use with
benzaldehydes including electranithdrawing substituentsc(and d) as they were not as
compatible with the conditions in Procedure I. Both of the aldehydes used to make these
hydrazones [4trifluoromethyl)benzaldehyde andbfomobenzaldehyde] had lowsolubility in
ethanol at room temperature or lower, so the elevated temperature helped the reaction proceed and
provided more consistent results than Procedure I. In comparison to Procedure |, Procedure Il uses

a smaller excess of hydrazine, which was dddea single addition to the aldehyde solution in

0 HoN—NH, '.Hzo
R)LH o (2 equiv)
” EtOH, 85 °C reflux, 2 h N_. R

EtOH,0°C.2h_ N R R)k L HNTY

H,N—NH, - H,0 then rt, 30 min

(8 equiv)

H
N N 0 . _2 Q)
a:R:’—@OMe b1R=’—@CH3 e;R:}—@ f:R:},_@ g:R=k_@ c:R= Br

Scheme2.11 Procedures | & Il for synthesis of hydrazone submonomérsising an excess of hydrazine in EtOH.

then rt, 30 min

31



ethanol. After the hydrazine addition, the solution was stirred at reflux for the same amount of
time as Procedure I.

The hydrazones synthesized in the literature with Procedure Il were crystalliney soette
simply washed with cold water before use. One change made to that portion of Procedure Il in this
work is the replacing this step with the same aqueous wash used in Procedure I. For @xample,
bromobenzaldehyde hydrazomecrystallizes upon coolingo room temperature. However,
bypassing the aqueous extraction and simply rinsing the crystals with cold water causes a large
side product (m/z = 630.5) to appear (Begure 2.5 when the hydrazone is used in the synthesis
of a tripeptoid sandwich sequan From this result, this aqueous workup is clearly important and
cannot be ommitted even when the hydrazone product crystallizes.

Br
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)/T \O > HN\A » HNWN\ANWNHZ
2 2.Ph _~ ) L. O
NH, 2 2
\©\// “NH (j/(J 1.5 M in DMF
2.47 2 3. TFA: H,0, 95: 5 viv
1.5 M in DMF 10 min 2.49
b. c
500 '
2.49 500 2.49
g 400 g
5 300 630.5 S 300
& 200 8
?EE 100 ?EE 100
0
100 0 5 o 10 15 100 0 5 - 10 15
Time (min) Time (min)

Figure 2.5 Use ofp-bromobenzaldehyde hydrazone with and without aqueous wa)ksgheme of tripeptoid synthesis witk
bromobenzaldehyde hydrazone as submonop)érC-MS chromatogranat 214 nm of a test tripeptoid synthesized by ugh
Br-benzaldehyde hydrazone crystals washed with water (no aqueous extraytid®dMS chromatogram at 214 nm of a
tripeptoid synthesized by usimgBr-benzaldehyde hydrazone that wedissolved in CkCl2 and washed with saturated brin
2) and 5% NaHCe&Xx 2).

In order to access more volatile and wateluble hydrazones (i.e. hydrazorep) that were
originally low-yielding usingProcedure |, a third alternative procedure (Proceduré&diheme
2.12) was explored? It was presumed that the aliphatic hydrazones were more water soluble and
had higher volatility, so a method without an aqueous workup was desired. With Procedure llI,
only 1.1 equivalents of hydrazine monohydrate is used, and the desired aldeddied dropwise
to the stirring hydrazine solution. The reaction is done in THF and for 30 minutes at room

temperature. Instead of doing an aqueous workup, sodium sulfate is added directly in the reaction
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(0]

RJ\H
THF, rt, 30 min N R
HoN-NHp * H,0 ——— > HN" S

(1.1 equiv)
Scheme2.12 Procedure Il for synthesis of hydrazone submonomers.

vessel to dry the reaction. The product is decanted into a second vial and diluted to an
approximately 2 M solution with fresh THF before use on solid support.

To opimize the synthesis of isobutyraldehyde hydrazone as a model hydrazone using
Procedure lll, several variables were tested (Bable 2.95. To test the efficacy of these
modifications, sandwich sequence tripeptoids were synthesized usgoigenglethylamine
alternating with isobutyraldehyde hydrazone and those crude purities are reported in the table. The
hydrazone synthesized following thterature method for Procedure 11l was providing about 59%
crude purity of the test trimer on its best trial, but the results were not very consistent across batches
of hydrazone. After many trials with model hydrazonig was determined that Procedurhat
includes an agueous wash was necessary for consistent results.

Table 2.5Attempted optimization of thim situisobutryaldehyde hydrazone synthesis in THF, used in the synthesis of trif
2.51

1. 0 j/
) 0o
k Br\)k j/ Br\)kOH
y OH "o _DICDMF QL
HN N\O DIC, DMF HNQLNWNHz N N NH;
), O 2 ) 2 Ph N,
AN 1.5 M in DMF
2
1.5 M in DMF 3. TFA: H,0, 95: 5 viv
2.47 2.50 10 min
Hydrazone synthesis parameters Effect on trimer 2.51 synthesis
" unidentified
Entry NEZE0L clBlEmyEE BEalten Filtration Scale (mmol) | 2.51 (%) byproduct, m/z 630.5
amount (mg) procedure (%)
1 120 Dropwise No 2 59 8
2 12¢ Dropwise Yes 2 58 6
3 41 17
4 56 8
5 0 Dropwise No (no salt) 2 26 5
6 60 Dropwise No 2 56 2
7 400 Dropwise No 2 38
1200 Syringe pump (50 Yes 10 43 33
8 pL/min)
Portioned,
240 6 x 61pLwith 2 min Yes 4 39 12
9 between additions
10 120 Single addition Yes 2 41 17

First, varying amounts of N8O, salt were added in the second part of the reaction to see what
effect the salt has on the reaction (entrieg.5Compared to 120 mg (the amount listed in the

literature procedure for the scale of the reaction), adding no salt significantly reducgzetiteitt
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crude purity of the test trimer to 26%. Using 400 mg, or about 3x the amount called for, also
lowered crude purity of the test trimer to 38%. Different types of aldehyde addition procedures
were also tested including: dropwise addition using ggrjpump, a portioned addition, and single
addition (entries 4.0). A dropwise addition (entry 1) seemed to have the highest crude purity of
subsequent tripeptoid. These types of tests allowed for an optimization of this reaction, but
ultimately results wer found to be too inconsistent for future use, so it was decided to return to
Procedure | with some mild modifications instead and got more reliable results. The same concerns
about volatility and water solubility remained, so when aliphatic hydrazonsgrateesized using
Procedure 1, 1) the number of aqueous washes is reduced compared to aromatic hydrazones and 2)

the time on the high vacuum is reduced.

2.5 Stability of N-imino glycines

Though they have increased stability compared to the linear aliphatic side chains, certain
aromaticN-imino glycine residues were also found to undergo hydrolysis over time to garyin
degrees. Four different peptoids were selected for more careful monitoribG-Ms in two
different conditions over 5 dayFigure 2.6). To make the samples, resin was cleaved with the
95:5 TFA:RO conditions and all residual TFA was removed by lyopailon to ensure that the
only acid is coming from the experiments and not left over from the cleavage. The first conditions

for LC-MS study was to dissolve each of the four samples in 0.1% TFA in 1:1 MeONAI

Ph Ph Ph Ph
H H 0.1% TFA in H H
MeCN: H,0

(e} (0} (0} (e}
HN\)LN/\[rN\)LNHZ EE— HN\)LN/\[rN\)LNHZ
N O
'’

or

r pH7 NH, O
R 252 2.53
a:R=}—®>OMe b:}?:§—<j%CF3 c:R=2—<d:R=§—<:>
100 100
A. B.
» 80 s 80
2 2]
2 60 2 60
g =
2 40 2 40
S 20 S 20
0 0
0 50 100

Time (h) Time (h)

Figure 2.6 Stability studies in a) 0.1% TFA MeCN:2@ and b) pH 7. % drolysis wasdeterminedy integrating the LE
MS peak areas f&.52and2.53at 214 nmThegraycurve overlays with the blue curve and is not visiblthe pH 7 study
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four trimers started to see some degrieeydrolysis, though th&l-imino glycine residue with the
electronwithdrawing p-(trifluoromethyl)benzaldehyde hydrazone side chain only reached 10%
hydrolysis over 100 hours. In contrast, Nemino glycine residues with aliphatic hydrazone side
chains ncreased more rapidly, with the linear isobutyraldehyde hydrazone side chain reaching
about 85% hydrolysis after 100 hours. These results show that care should be taken when purifying
oligomers that contain the electron rich aromatic side chain by prieearHLC if there is 0.1%

TFA in the mobile phase. The desired fractions should be immediately anlayzed, frozen and
lyophilized to prevent hydrolysis of the side chain. Using 95:5 TFA:TES cleavage conditions
would be the best way to access an aliphatie alidhin without risking rapid hydrolysis of the side
chain.

In comparison, the pH 7 buffer conditions only seemed to affect the aliphatic side chains,
hydrolyzing2.52cto 2.53ccompletely after about 80 hours add2d hydrolyzing to give 80%
2.53dafter100 hours. Neither of the aromatic hydrazone side chaiB2#b) tested showed any
hydrolysis over the timescale of the experiment. As expected based on the litéMataneo
glycine containing peptoids with aromatic side chains should be stablehefmubiological
studies at neutral pH. Again, it would be best to use the 95:5 TFA:TES cleavage conditions for

aliphatic side chains to prevent rapid hydrolysis.

2.6 Summary of solidphase work

N-imino and N-alkylamino glycine containingeptoids were efficiently synthesized using
hydrazones as submonomers in the submonomer method. It was fourd/dhe#ones are
compatible with a variety of other peptoid submonomers. They are nucleophilic enough to displace
the bromine in the displacementep and easily haloacetylated once installed, which is an
advantage oveN-aryl glycines (one of the more popular curremansinducing residues in the
literature). The crude purity of pentamer sandwich sequences witk-itheo glycine residue
was oty lowered when alternated withransinducing submonomers (aniline and
benzylhydroxylamine).

Peptoids containing-imino glycines wereggenerally stable to cleavage conditions. Several
cleavage conditions were tested, and 95:5 TE@:Hor 10 minutes (avage A) and 95:5
TFA:TES for 2 h (Cleavage B) were chosen as the most selective cleavages to olNamitice

glycine andN-alkylamino glycine monomers, respectively. Aliphadamino glycine residues
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were susceptible to hydrolysis using Cleavag®w,retained the side chain in tNealkylamino
form when using Cleavage B.

A total of 15 different aromatic, aliphatic, and heterocyclic hydrazone side chains have also
been shown to be able to be installed in peptoid oligomers following two differémbase each
with their own merit. Hydrazone synthesis methods and hydrazone submonomer displacement
methods were optimized for most of the side chains. With this knowledgemarlpeptoid was
able to be synthesized using 5 different hydrazone submon@m#usiing aromatic and aliphatic
hydrazones) with >60% crude purity. Being able to include a wide array of diversity is another
advantage over othérans amide bond inducing residues in the literature.

This solid phase work has provided proof of aptdor using hydrazones as diverse and stable
submonomers in SPPS. To prove that they aretassinducing, peptoid monomers containing
N-imino and N-alkylamino glycines will be synthesized and analyzed usiAgyXand NMR
methods. Computational meti®dre also used to reinforce the results.

2.7 Experimental data

2.7.1 General methods

Polystyrene Rink Amide resin (0.78 mmol/g or 0.61 mmol/g) was purchased from Protein
Technology, InEY. Manual solidphase submonomer peptoid synthesis was performed in
disposable filter cartridges with 20uM PE frit filters and caps from Applied Separations (cat #
2413 for 3 mL filter cartridges) with gentle agitation on a Thermo Fisher vortex mixer equipped
with a microplate tray. Solution draining and washing of the reamaccomplished by connecting

the filter columns to a water aspirator vacuvma waste trap. For heated reactions, the cartridge
caps were wrapped in Teflon tape and parafilm and placed in a Fisher Scientific Ultrasonic Bath
9.5L (Model # 15337425). Amgical LC-MS analyses were performed using Agilent
Technologies 1260 Infinity Il seriedsC-MS Single Quad instrument with ESI i@ource and
positive mode ionization, equipped with either a 5 pM, 150 x 4.6 mm C18 Vydac column
purchased from MaMod Analytical, Inc. (Column 1, cat # 218TP5415) or a 5 uM, 150 x 4.6 mm
C18 Luna column purchased from Phenomenex Analytical, Inc. (Column 2, cat428REO).

A flow rate of 0.5 mL/min and varying gradients of ¢€GMN [0.1% trifluoroacetic acid (TFA)] in

water (01% TFA) over 12 minutes (total run time = 22 minutes) were used 10CaUlS analyses.
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Automated peptoid synthesis was dorsing a Biotage® Syro WaV® peptide synthesizer in 10
mL reactors with PTFE frits.

2.7.2 Reagents

Triisopropylsilane  (TIPS), trifluoroacetic acid (TFA), bromoacetic acid, and
dii sopropylcarbodii mide (DI C) wer e pddr chase
diisopropylethylamine (DIEA),triethylamine (TEA), triethylsilane (TES), piperidine, acetyl
chloride, 4fluorobenzaldehyde, -dhlorobenzaldehyde,-dromobenzaldehydey-anisaldehyde,
isobutyraldehyde, +trifluoromethyl)benzaldehyde, p-tolualdehyde, #Znethoxyethylamine,
methylamine (8% in water), isobutylamine, benzylamine, anilinepy2rolecarboxaldehyde,
isobutyraldehyde, butyraldehyde, chloroacetic acid, potassium iodide, and benzaldehyde were
purchased from Sigma Aldrich. Bromoacetyl bromide, phenol, isopropylamine, 2
phenylethyd mi n-a@aninetert-butyl ester hydrochloride, and NaBEN were purchased from

Alfa Aesar (Thermo Fisher Scientific). -fAraldehdye, cyclopentanecarboxaldehyde,
cyclohexanecarboxaldehyde, and hydroxylamine hydrochloride were purchased from Acros

Organics All chemicals were used as received without further purification.

2.7.3 Experimental Procedures

2.7.3.1Manual Solid Phase Submonomer Peptoid Synthests

All reactions are gently agitated on a vortex mixer equipped with a microplate tray for the
design#&ed amount of time. For the first cycle, 100 mg of Rink Amide resin (600628 mmol)
was added to a 3 mL solid phase peptide synthesis (SPPS) cartridge and swelled with DMF (1 mL)
for 20 minutes. The DMF was drained, and the resin was treated with 2@¥tdpie in DMF
solution (v/v) for Fmoc deprotection (1 mL, 2.02 mmol, 5 minutes) followed by anothrairiLie
incubation with fresh reagent (1 mL, 2.02 mmol). The solution was drained and the resin was
washed with DMF (5 x 1 mL). Each subsequent monoauklition cycle consisted of 1) a
bromoacetylation reaction and 2) a displacement step. The bromoacetylation reaction was
performed by addition of a 0.6 M bromoacetic acid or chloroacetic acid sélutibF (1 mL,
0.6 mmol ) HNKRdiso@dpylcabbdiinide (DIC, 0.56 mmol) for 25 minutes followed
by the same wash cycle as above with DMF (5 x 1 mL). Displacements were performed with 1.5

M solution of amine or hydrazone in DMF (1 mL, 1.5 mmol) for 1 hour at room temperature,
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unless otherwise notédThis process was repeated until the desired length of peptoid was
achieved. When the peptoid was finished or at a stopping point for the day, the resin was washed
with CH.Cl», left to dry, and stored in the fridge (if stored for a prolonged period) arfume

hood at room temperature (if stored overnight).

2Chloroacetic acid was used with hydrazone submonomers possessing heterocylic side chains.
b{Whenp-CR-benzaldehyde hydrazodds used, the reaction time is lengthened to two hours,
the concentratin of the hydrazone is increased to 3.0 M, and the reaction is performed in a heated
sonicator bath (60°C). WhenBr-benzaldehyde hydrazowes used, the reaction is performed in
a heated sonicator bath (60°C). When heterocyclic hydrazpmhesr g areused, the reaction is
performed using 1.5 M hydrazone in 1.0 M Kl in DMF instead of neat DMF-.

Note: Resinbound peptoid should be stored after a displacement reaction and should not be

stored at the dimer stage where-@sin cyclization to a diketopiperazine side product may occur.

2.7.3.2 Automated Solid Phase Submonomer Peptoid Synthesis

Protocol onthe Biotage® Syro Wav¥ Peptide Synthesizer includes similar synthesis
procedures as manual synthesis. For the first cycle, 200 mg of Rink Amide resinq.3@2
mmol) was swollen in DMF (3.0 mL, reaction time 30 minutes: vortex 20 s, break time 1 min,
empty 45 s) prior to Fmoc deprotection by treatment with 1) 40% piperidine in DMF (v/v) (3.3
mL, reaction time 3 minutes: vortex 10 s, break time 1 min, empty 45 s) followed by 2) 40%
piperidine in DMF and neat DMF (1.7 mL each, reaction time 12 minubetex 10 s, break time
1 min, empty 45 s). The resin was washed with DMF (5 x 3.1 mL, reaction time 2 minutes: vortex
20 s, break time 1 min, empty 50 s). Each subsequent monomer addition cycle consisted of 1) a
bromoacetylation reaction and 2) a displaent step. The bromoacetylation reaction was
performed by addition of a 0.6 M bromoacetic acid solution in DMF (3.2 mL, 1.92 mmol) and a
1:1 v/v DIC: DMF solution (700 pL, 2.28 mmol) (reaction time 30 minutes: vortex 20 s, break
time 1 min, empty 30 s)oflowed by the same wash cycle as above with DMF (6 x 3.1 mL).
Displacements were performed with 1.5 M amine or hydrazone solution irf 3\2&mL, 4.8
mmol) (reaction time 60 minutes: vortex 20 s, break time 1 min, empty 30 s), followed by another
wash cyle with DMF (5 x 3.1 mL).
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AWhenp-CRs-benzaldehyde hydrazowes used, the reaction time is lengthened to four hours

and the concentration of the hydrazone is increased to 3.0 M.

2.7.3.3 Cleavage test of resihound peptoids

200 pL of a cleavage cocktail was added to a small amount of resin in a 1 mL SPPS cartridge
Solutions must be used the same day they are made, especially those containing TES or TIPS as
they lose their efficacy as reducing agents if not used right away. The cleavage solution was
collected by filtering the resin through the disposable frittettidge into a 20 mL scintillation
glass vial. The resin was washed with2CH (3 x 500uL) into the same vial. The filtrate was
evaporated to dryness using a Biotage® V10 evaporator and the crude peptoid was typically
dissolved in 1:1 v/v MeCN: ¥ (1 mL)for analysis on th&C-MS. The exact cleavage cocktail
and cleavage times varied (see Table 1 in the article main text).

Cleavage I: 95/2.5/2.5 viviv TFAITIPS/ED, 10 min
Cleavage Il 95/2.5/2.5 viviv TFAITIPS/ED, 2 h
Cleavage llI: 95/5 vivTFA/H20, 10 min.(Cleavage A in the main text)

Cleavage IV:  95/5 v/v TFA/HO, 2 h.
Cleavage V: 95/5 v/v TFA/TES, 10 min.
Cleavage Vt 95/5 viv TFA/TES, 2 h.Cleavage B in the main text)

Treating the crude peptoid with a fresh solution for an additidiamay
be required for reduction of tidimino glycine residues.

Cleavage VII.  90/10 v/v TFA/TIPS, 2 h.

Cleavage VIII:  45/5/50 viviv TFA/TIPS/CELCI,, 2 h.

Cleavage IX 95/5 viw TFA/phenol, 2 h. After evaporating filtrate to dryness, a cold ether
precipitation is required to remove excess phenol before makingGhe

MS samples.

Note: If the N-terminal residue in an oligomer is an-hino glycine residue, the hydrazone
side chain is more susceptible to hydrolysis. Acetylation can be done on aamplé prior to

test cleavage for analysis. Add 1 mL of 10% acetic anhydride in DMF per 100 mg resin for 40

39



minutes. Drain and wash the resin with DMF (5 x 1 mL) @htCl, (5 x 1 mL) prior to the test
cleavage.

2.7.3.4 Hydrazone submonomesynthesis
The procedures for making the hydrazone submonomers are critical for reproducible results in
submonomer peptoid synthesis. The hydrazones should be made immediately before use for best

results.
0

N

R H

EtOH, 0 °C, 2 h N._R
HoN-NH, *H,0 ———— —> H N =
(8 equiv) then rt, 30 min

AR\
a: R=!—©*OM6 b:R = f—@cm e:R= E—O f:

R=f__<l/\” g:R=§,—-<)J
h=R=§—L i:R=E_< j:R=‘H{\/\ k:R=,—<:|

tr= <)

General Procedure | for synthesis of hydrazone submonomers-la, el:1° The selected
aldehyde (1.0 equiv, 15 mmol) was dissolved in EtOH (4 mL) and cooled to 0 °C before being
added dropwise to a solution of hydrazine monohydrate (8.0 equiv, 120 mmol, 5.6 mOHn Et
(6 mL) at 0 °C. The reaction was stirred for 1.5 h at 0 °C before removing the ice bath and leaving
the reaction stirring for an additional 30 minutes. The reaction mixture was transferred to a 250
mL separatory funnel and diluted with 75 mL £Hb. The organic layer was washed sequentially
with saturated brine (2 x 75 mL) and 5% NaH{®x 75 mL)2 The organic layer was dried with
NaSOQy and the solvent was removed under vacuum. The samples were placed on high vacuum
for two hours (hydrazones b, ard €) or 20 minutes (hydrazonés), depending on their predicted
boiling points.

aThe number of washes was reduced to 1x each when making aliphatic hydrazidnes (
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HzN_NHz - Hzo
(2 equiv)

(0]
)]\ EtOH, 85 °C reflux, 2 h _N R
HoN™ X

R then rt, 30 min

c:R= ,—Q*Br d:R= ,—@CF?,

General Procedure Il for synthesis of hydrazone submasmers ¢ and d! The selected
aldehyde (1.0 equiv, 10 mmol) was dissolved in EtOH (10 mL). Hydrazine monohydrate (2.0
equiv, 20 mmol, 1 mL) was added in a single addition to the aldehyde solution, and the reaction
mixture was heated to reflux at 85 °C fb/5 h. The reaction mixture was cooled to room
temperature and stirred for another 30 minutes before being transferred to a 250 mL separatory
funnel and diluted with 75 mL of Gi&l.. The organic layer was washed sequentially with
saturated brine (2 x 78L) and 5% NaHC®(2 x 75 mL). The organic layer was dried with
NaSOQy and the solvent was removed under vacuum. The samples were placed on high vacuum

for two hours.

X
R”H
THF, rt, 30 min N R
HoN—NH, * H,0 > HN° =
(1.1 equiv)

Attempted alternative procedure for the in situ synthesis of aliphatic hydrazones
(Procedure Il1): 2 The selected aldehyde (1.0 equiv, 2 mmol) was added dropwise to a stirring
solution of hydrazine monohydrate (1.1 equiv, 2.2 mmol) in THF (500 pL) for 30 min at room
temperature. N&Qs (120 mg) was added the stirring reaction and stirred for 10 more minutes.

The solution was then decanted into another vial and diluted to 2 M by adding THF (~500 pL).
The solutions can be stored at room temperature if necessary, but it is best to use them as soon as

possible Attempted optimization of this reaction can be fodwdble 2.5in the main text.

2.7.3.5 Stability studies of tripeptoids 2.52al

A small amount of tripeptoid®.52ad were cleaved with Cleavage Il (TFA:8 95:5 v/v, 10
mins) for each stability experimerun. The cleavage solution was collected by filtering the resin
through the disposable fritted cartridge into a 20 mL scintillation glass vial. The resin in the

cartridge was washed with GEl> (3 x 500pL) into the same vial. The filtrate was evaporé&ted
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dryness using a Biotage® V10 evaporator, then the peptoid redissolved in freSh @rtl
evaporated to dryness again on the Biotage® V10 evaporator. To ensure removal of all residual
TFA, samples were dissolved in 1 mL 1:1 MeCBCH frozen, and put omhe lyophilizer
overnight. To make the samples for the stability studies containing 0.1% TFA, tripeptoid samples
2.52ad were dissolved in 1 mL 1:1 0.1% TFA in MeCN: 0.1% TFA wOHTo make the samples
for the stability studies at neutral pH tripeptoRiS2ad were dissolved in 1 mL of phosphate
buffer (0.1 M, pH 7), tripeptoid sampl@s52ad were dissolved in 1 mL pH 7 phosphate buffer
and 150 pL MeCN to increase peptoid solubility in the buffer.

LC-MS data was taken for each sample approximately e2rnyours for about ~100 hours.
Percent hydrolysis conversions were calculated using areas obtained from pdaRsvish
chromatogrars at 214 nm, where percent hydrolysis = [(area5®/(area 0f2.52+ 2.53] x 100.

2.7.4Peptoid Characterization Data.

Table 2.6. Characterization data for peptoi2lda-2.4h.
Ph Ph
2 4
N 0} N o
T G e e
R O R O R O
24

24a:R=}—  24b:R=j-CH, 24c R:W 2.4d: R=\{\/0Me 24e:R="("Ph

0
24 R= YN 249:R =MOH 2.4h:R = @ 241 R =3O

8_C-MS analyses were performed using a 12 mir88@ linear gradient of MeCN (0.1% TFA) in water (0.1%

Peptoid Calculated m/z[M + H] * Observedm/z[M + H] * RT (min)
2.4a 635.3664 635.3642 6.17
2.4b 551.2725 551.2715 9.57
2.4c 677.4133 677.4117 5.9T°
2.4d 683.3511 683.3495 10.57
2.4e 779.3664 779.3669 9.47
2.4f 821.4133 821.4115 7.60
2.49 725.2889 725.2886 9.18
2.4h 737.3194 737.3186 12.00'
2.4i 827.3511 827.3506 13.45'

TFA) on Column 1°LC-MS analyses were performed using a 12 mi#5%6 linear gradient of MeCN (0.1%
TFA) in water (0.1% TFA) on Column 9L.C-MS analyses werperformed using a 12 min 85% linear gradient
of MeCN (0.1% TFA) in water (0.1% TFA) on ColumniLC-MS analyses were performed using a 12 min 50

95% linear gradient of MeCN (0.1% TFA) in water (0.1% TFA) on Column 2.
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Table 2.7. Characterization data for peptoi2i232.28

Cleavage Crude Calcd m/z Obsd m/z RT

Structure Synthesis Pe  conditions  purity®  [M+H]* [M+ 2H]* _ (min)

c 0 5 » 0 » -

2.23 ”“W”ﬁWMWMW“ﬁW“ﬁWMWMM Automated 1l 63 084.9964  984.9944  0.62

J )
OMe OMe OMe OMe ~
N

Exact Mass: 1967.98

N
@

OMe OMe OMe OM OMe OMe

o HO HN o H H HN o HO HO
224 T ﬁwwmﬁw T Automated VI 69 990.0355  990.0328  7.94

OMe OMe OMe OMe P

x
Exact Mass: 1978.06

~, ~, ~,

h ﬁ(\ 0 \ ONAP“JLNﬁ?NﬂO A?%ONHZ Manual 1l a7 1508.7321 1508.7357 9.45
2.25 E\) E}

N O Ny O N O

&] gj gj Automated 1] 55 1508.7321 1508.7357 9.44

Exact Mass: 1507.72

2.26 He ”5 ngo HE} ”’E}" Automated VI¢ 40 1518.8104 1518.8117 8.16

T,.0,%,

2.27 MHMW %WMW Manual 1l 47 1090.4897 1090.4870 10.71

5)&°

Exact Mass: 1089.48

o o o

E?NH o E?NH o E?NH o \o\ o
' Manual Vi 26 11005676 1100.5649 8.85

RPN

 3.C-MS analyses were performed using a 12 mir®5% linear gradient of MeCN (0.1% TFA) in water (0.1% TFA) on Colunffi\2+ 2H]?* instead of [M + H} “Crude
peptoid was treated with a fresh solution of the Cleavage VI cocktail for an additional 2 h.

2.28
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Table 2.8. Crude purities of peptoida 32al and2.33al (Starts next page)
H = hydrolyzed product

Ph Ph
o N
Ph Ph j\ Cleavage A o N O
ROH [ 3
o] o 15Min DMF | 99 5 ViV TFA:H,0 R
N\)k N\)k 1,12 h 10 min o
N N _r12h |
TN &
Cleavage B S . S )
-
2.31 95: 5 v/iv TFA:TES
v\éh WN\)LNWN\)LNHZ
0 Hl\‘lW 0
R
2.33
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Table 2.8 (continued)

Entty Compound gsg‘(’;ﬂe F?J‘;gﬁ H 233 2.32 Lf;;ggggi;d agtljjirtri]o?\];ll H:2.33:2.32 Gradient
byproducts
1. i 69 69 14 17 0:0:100  30-90
2. IV 51 51 11 38 0:0:100 3090
3 Vi 69 69 11 20 0:100:0  30-90
4, 2 il 31 10 21 16 53 33:67:0 3090
5. VIl 55 0 29 26 13 32 0:53:47 3090
6. IX 76 o o0 76 0 24 0:0:100 3090
7. I 74 0 74 7 19 0:0:100  30-90
8. IV 53 0 53 14 33 0:0:100 3090
9. Vi 62 0 62 0 15 23 0:100:0  30-90
10. ° il 55 0 18 37 12 33 0:32:68 3090
11, VIl 58 0 58 16 26 0:0:100 3090
12, IX 26 0 29 18 53 0:0:100 3090
13, i 73 0 73 23 4 0:0:100  30-90
14, IV 34 0 34 17 49 0:0:100 3090
15, Vi 61 0 61 0 17 22 0:100:0  30-90
16. © il 59 0 48 11 13 28 0:82:18 3090
17. VIl 52 0 44 19 29 0:16:84 3090
18, IX 60 0 60 17 23 0:0:100 3090
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Table 2.8 (continued)

Cleavage Crude Unidentified S“.”.‘ of ) ) )
Entry  Aldehyde Cocktail ~ Purity? H 233 2.32 byproduct t<;:1dd|t|onal H:2.33:2.32 Gradient
yproducts
19. Il 76 0 76 20 4 0:0:100 30-90
20. \Y, 54 0 54 20 26 0:0:100 3090
21. VI 69 0 69 O 11 20 0:100:0 30-90
22. d VI 68 0 50 18 11 21 0:74:26 3090
23. VI 71 0 16 55 12 17 0:22:78 3090
24. IX 62 0 62 23 15 0:0:100 3090
25. 1l 80 0 80 0 20 0:0:100 30-90
26. \Y, 54 0 54 17 29 0:0:100 3090
27. VI 75 0 7 0 8 17 0:100:0 30-90
28. © VI 73 0 57 16 10 17 0:78:22 3090
29. VI 79 0 70 6 15 0:12:88 3090
30. IX 57 0 0 57 19 24 0:0:100 3090
31. 1l 76 0 76 19 5 0:0:100 30-90
32. \Y, 34 0 34 18 48 0:0:100 3090
33. VI 70 0 70 8 22 0:100:0 30-90
34. f VI 56 0 56 14 30 0:100:0 3090
35. VI 39 3 24 13 17 44 5:62:33 3090
36. IX 44 0 0 44 23 33 0:0:100 3090
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Table 2.8 (continued)

Cleavage Crude Unidentified S“.”.‘ of ) ) )
Entry  Aldehyde Cocktail ~ Purity? H 233 2.32 byproduct t<;:1dd|t|onal H:2.33:2.32 Gradient
yproducts
37. Il 82 9 73 0 18 12:0:88 30-90
38. \Y, 41 0 41 20 39 0:0:100 3090
39. VI 56 0 56 O 10 34 0:100:0 30-90
40. J VI 45 2 31 12 16 39 4:69:27 3090
41. VI 44 2 33 15 41 5:20:75 3090
42. IX 38 0 38 10 52 0:0:100 3090
43. 1l 60 0 60 16 24 0:0:100 30-90
44. \Y, 30 0 30 15 55 0:0:100 3090
45. VI 61 0 61 O 15 24 0:100:0 30-90
46. " VI 56 0 46 10 11 33 0:82:18 3090
47. VI 45 0 16 29 13 42 0:35:65 3090
48. IX 25° 0 0 25 9 66 0:0:100 3090
49. 1l 39 6 33 35 26 15:0:85 30-90
50. \Y, 19 5 14 36 45 26:0:74 3090
51. . VI 42 4 38 23 35 10:90:0 30-90
52. ! VI 36 2 34 25 39 6:94:0 3090
53. VI 43 0 27 16 25 32 0:62:38 50-95
54. IX 20 3 0o 17 47 33 15:0:85 3090
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Table 2.8 (continued)

Entry  Aldehyde gsg‘(’;ﬂe F?Jﬁ?y? H 233 2.32 Lf;;ggggi;d agtljjirtri]o?\];ll H:2.33:2.32 Gradient
byproducts
55. 1] 57 7 50 23 20 12:0:88 40-80
56. \Y; 26 7 19 33 41 27:0:73 50-95
57. _ VI 49 0 49 0 22 29 0:100:0 40-80
58. : VII 46 0 46 O 15 39 0:100:0 40-80
59. Wl 29 0 26 3 23 48 0:91:9 40-80
60. IX 32 0 32 31 37 0:0:100 40-80
61. 1l 55 17 0 38 19 26 32:0:68 30-90
62. \Y, 27 14 0 13 26 47 52:0:48 3090
63. VI 65 0 65 O 15 20 0:100:0 30-90
64. X VII 70 0 70 O 15 15 0:100:0 3090
65. VIl 45 0 45 0 16 39 0:100:0 3090
66. IX 31 6 0 25 21 48 20:0:80 3090
67. 1] 63 24 0 39 14 23 38:0:62 30-90
68. \Y, 30 15 0 15 17 53 50:0:50 30-90
69. VI 68 0 68 0 9 23 0:100:0 30-90
70. VII 68 0 68 0 11 21 0:100:0 30-90
71. I 54 0 54 0 14 32 0:100:0 30-90
72. IX 46 8 0 38 15 39 17:0:83 30-90

aCrude purity is total oH, 2.33,and2.32 "A byproduct withm/z=482 was detected in several cleavages, and does not seem dependent on cleavage cocktail or
sidechairfA major byproduct was identified in 38% crude purity with am/z of 454.4 and a retention time of 4.8 minutes. This mass corresponds to the mass
of H, but has a different retention time than typically detecte#ifon the 3090 gradient (usually 6.8 mites) ‘was run on Column 2
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Table 2.9. Characterization data for peptoi2l87al and2.38al.

R R
N N NH,
Ph Ph Ph HN/E( HN/I( HN/I(
HQ 'QOL @ Q ﬂ, Ph P Ph
E/\T Eil( N 95.5:/(;/;iF:.H20
3 3 R 5
R R P
Cleavage B HN o
2.36 95:5 v/\;'ll:]FA:TES p ngﬁwNHz
Ph Ph Ph
N
@OMe bR—i—@ R=f—@sr d:R=i—®CF3 e:R=}—Q
R I N L R T R e L ®
Calculated Observed RT Calculated Observed RT
Peptoid m/z[M + m/z[M + (min)? Peptoid m/z[M + m/z[M + (min)?
H]* H]* H]* H]*
2.37a 881.4345 881.4328 9.07 2.38a 885.4658 885.4632 8.64
2.37b 849.4446 849.4424 10.33 2.38b 853.4759 853.4734 10.17
2.37c 977.2344 977.2319 10.59 2.38c 981.2657 981.2613 10.34
2.37d 957.3881 957.3883 11.00 2.38d 961.4194 961.4172 10.56
2.37@ 823.4038 823.4027 8.58 N/A N/A N/A N/A
2.37f 799.4038 799.4029 7.71 N/A N/A N/A N/A
2.37¢9 801.3719 801.3696 7.57 2.389 805.4032 805.4013 7.47
2.37h 753.4446 753.4429 8.54 2.38h 757.4759 757.4740 9.02
2.37i 753.4446 753.4428 8.57 2.38i 757.4759 757.4744 8.96
2.37] 781.4759 781.4753 9.93 2.38] 785.5072 785.5067 10.35
2.37k 805.4759 805.4751 10.15 2.38k 809.5072 809.5066 10.66
2.371 833.5072 833.5067 11.14 2.38l 837.5385 837.5375 11.61

3_C-MS analyses were performed using a 12 mirB5@o linear gradient of MeCN (0.1% TFA)
in water (0.1% TFA) on Column 2 unless otherwise indicfle@-MS analyses were performed
using a 12 min 3®@0% linear gradient of MeCN (0.1%AR) in water (0.1% TFA) on Column 2
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Table 2.10 Characterization data for pept&d42(peptoid with 5 differenN-imino glycinemonomers)

Pept Structure Synthesis Cleavage | Crude | Calcdm/z | Obsdm/z RT
oid type Conditions | purity? | [M + 2H]?* | [M + 2H]?* | (min)
M O e W O .
SIS N (A (R N O
2.42 "Xy 0 r e Automated vI® 69  1025.0658 1025.0685 10.00

- z AN

f [\T ) LJ
CFy

Exact Mass: 2048.12

4. C-MS analyses were performed using a 12 mir@5 linear gradient of MeCN (0.1% TFA) in water (0.1% TFA) on Column 2.
Crude peptoid was treated with a fresh solution of the Cleavage VI cocktail for an additional 2 h.
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CHAPTER 3: Solution phasesynthesis andconformational analysisof peptoids containing
N-imino and N-alkylamino glycines
Part of this work was published @hem. Sci2021, 12, 8401.

From the synthesis studies on solid support in Chapter 2, it was observed that hydrazone

submonomers are compatible with standard solid phase synthesis conditions and offer advantages

over other submonomers such as side chain diversity. As mentionecgpte€Chii, heteroatom
substitution on the backbone nitrogen atom in peptdidsid peptide¥® has been shown to
facilitate atrans-amide bond conformation because of disfavored lonelqadr pair interactions
present in thecis-conformation Figure 3.1). Therefore, it was also hypothesized thaimino
glycine andN-alkylamino glycine monomers would promote teans-amide bond conformation.
Additionally, inter and intramolecular hydrogen bonding in t@lkylaminoglycineform is also
possible. In orderat verify the conformation of these monomers and detect hydrogen bonding,

synthesis was moved into solution phase to perforrayxand NMR analyses.
R R

o - \\N
W,

Figure 3.1.Hypothesized lone palone pair repulsion present in tbis-conformation of thé\-imino glycine monomer. The sal
repulsions are present in tNealkylamino glycine monomer.

3.1Solution phase synthesis ofN-imino glycine and N-alkylamino glycine containing
peptoids.

While solid phasesubmonomer synthesis is ideal for efficiently synthesizing libraries of

sequence specific peptoid oligomers, solution phase synthesis of model compounds is an effective

way to make larger amounts of material for conformational analysis. NMR aag 3tudes, in
tandem with computational work, will be used to confirm the hypothesiaed amide bond and
hydrogen bonding in model compounds.

Using model monomers with piperidinyH€rminal and acetyl NMerminal capping groups

have been shown in the pastbe useful for conformational analysis of peptdié&Synthetic

steps in solution are very similar to those in solid phase (see sections 1.2 and 2.1 for more details

on solid phase synthesis). It follows modified versions of the bromoacetylationsphatdment

steps with benzaldehyde hydrazone is again used as the model hydrazone submonomer. Three
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Ar o Ar r

o Neo A Al
N Ar
Br)K/Br o] H,N P L 1. AcOH, NaBH,CN L
cl THF, 3h NH O

S X
H'O TEA GO, | By TEATHE NQOL TEA, ChGl, NOo CTHESh )
>~ 0°Ctort HN N T — n 2. EtOH reflux n A
78°Ctort, on CH,Cly, 0°C to rt Y NO 85°C. 2 h Y I\O
15 min 30 min o] ’ o)
3.4 32 3.3ad 3.4a-d 3.5a-d

a: Ar = Ph, b: Ar = p-OMe-Ph, ¢: Ar = p-CF3-Ph, d: Ar = p-CH3-Ph

b) Ph o Ph

pr - NH2 H o el QOL
32 —— N TEA, CH,Cl, N
TEA, THF QL“O vomn X "O

0°Ctort 5 (0]
2h 3.6 30 min 37

Scheme 3.1Solution phase synthesis scheme of compoun8%tal and3.5ad and b)3.7.
other substituted benzaldehyde hydrazonpsnéthyl, p-methoxy, and p-(trifluoromethyl)

benzaldehydes) were used as submonomers to determine what (if any) changes the electron
donating or-wi t hdr awi ng character woul dtransimgucisge on t
capabilities. These compounds3@b-d and 3.5b-d) were synthaged and analyzed by my
undergraduate mentees, Brandon Lowe (&t student, summer 2019) and Adam Rosfi

(NCSU chemistry major, fall 2028pring 2021)In order to synthesize compoun8glad and

3.5ad (Scheme 3.1pfor conformational analysis, optimizan of known literature methods were

required? For optimal yields, reaction times were increasadd THF was usedide chain

reduction was performed using acetic acid and sodium cyanoborohydride {SIEBF as

opposed to TFA and TES, which was useddieavage of the peptoid from the resin and also

found to promote reduction.

Along with the compounds of interest, a control monomer was synthesized for conformational
analysis. The same procedure was uSzhéme 3.1h substituting an aryl hydrazone ttvi2-
phenylethylamine in the displacement step. This monomer lacks a nitrogen atom in the side chain
but maintains the side chain spacing of compowdad and3.5ad (aromatic ring two atoms
away from backbone nitrogen). It is not expected for the control mondmér have a strong

preference for either thas- or trans amide bond configuration.

3.2 X-ray analysis of model monomers

Crystals of all monomer compound&re obtainedia vapor diffusion of hexanes into ethyl
acetate §.4ad and3.5ad) apart from the control monomer. The crystal structures were used to
evaluate the dihedral angles of interest in each compdtigdré 3.2). The amide bond dihedral

an gl quarified thesis-ortransc onf or mat i o nciskcyo n=f o~rOma tiino nt hveh i |
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o X@%
\W} o

Figure 3.2.Dihedral angles of interest in the analysis oNasubstituted glycinenonomer.
+180° in thetrans conf or mati on) . The (G and y dihedral
backbone angles in a monomer that can help pr
refers to the side chain orientation.

Crystal structures of each c o trgne®aonfiguratom e s en't
as expected (sekable 3.1). In the N-imino glycine form 8.4), the side chain the side chain
di hedral angle (6) is close to OA and the aror

about the amide nitrogen are also close to 120°, indicatimm@nal planar geometry that is

common in amide bonds.
Table 3.1.Dihedal angles of peptoid3.4ad and3.5ad

%} %ﬁ.

V,‘&: B
\ *x

€ ?
(
(s T

3.4a

g8y

(%

%

3.5a 3.5¢ 3.5d

Structure Y G
3.4a 179.1 102.7 159.8 1.8
3.5d 167.4 77.9 178.0 69.5
3.4b 173.6 105.5 164.6 5.9
3.5b 178.1 98.8 174.% 65.3
3.4c 178.9 100.2 158.0 0.7
3.5¢ 176.5 108.9 177.8 65.9
3.4d 176.7 102.6 160.6 1.7
3.5d 167.5 76.8 178.1 65.6
3A second structure with opposite dihedral angles was present in the ufiDisalider is present in the piperidinyl region. In
mi nor conformati on, y = 150.6
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Structurally, reduction of the C=N bond to give tNealkylamino glycine form of the
monomers3.5ad) pri marily caused changes in the 6 di
1.7° in theN-imino glycine form to66.6° in theN-alkylamino glycine form. All backbone dihedral
angles (¥, G4, and y) r emai nndangreducton.hlhereisalboaut ~ 3
moderate intramolecular hydrogen bond in all cgsesTable 3.2. Distances between the side
chain nitrogen (D) and @rminal amide carbonyl (A) range from 2:932 A with D-H é A
angles of 112-422.0°. This type of hydrogen bondnet detected ilN-acyl hydrazide glycine
monomers (see section 1.4) as the siDHeEAchai n
angle is 91.1°, outside of the desired range for hydrogen bonding. Further analyses were completed

in solution using NMRspectroscopy.

Table 3.2.Hydrogen bond geometry (A) for compouriSad

Structure D-HéA D-H HéA Dé A " D-HéA
3.5a N-H¢ O 0.88 2.66 3.10 112.4
3.5b N-H¢ O 0.90 2.47 3.00 118.4
3.5¢ N-H¢ O 0.90 2.35 2.93 122.0
3.5d N-H¢ O 0.90 2.65 3.12 113.5

3.31D NMR analysis of model monomers

In the peptoid literature, it is common to be able to observe disthindtrans- amide bond
conformations using 1D proton NMR and use their integrations to calculate the population ratio
of the two (Kistrans Values).For most monomers that promotecis;amide bond conformation,
Kcistrans Values above 10 indicate a strong preference forcitkeonformation (includingN-
triazolium andN-ammonium alkyl glycines, see Chapter 1), and values below 1 iad&at
preference forransami de bond confor mat i on. traNsantusigs O O.
monomers (includingN-alkoxy, N-hydroxy, and\N-acylhydrazide glycines, see Chapter 1).

1D H-NMRs of 3.4ad and3.5ad were taken to calculatecKians values for each compound
in CDCk at room temperature using the acetyls=GH.) and the backbone GHHy) signals, see
Table 3.3 The electronics of the aromatic ring did not seem to have a large impact afpthe K
values. Additional peaks representing a minor conformer were not detected foN+naisio
glycine monomers 3.4a-c), with a minor conformer detected f84d with a Keistransvalue equal
to 0.05. The Kistrans Value for3.5cis slightly higher than # rest, indicating that the electron

withdrawing group may help stabilize the monomer indise conformation. A similar trend is
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seen with théN-aryl glycines where electretionating groups increase ttians-amide preference
and electroswithdrawing graips decrease this prefererié@he control monomer has a higher
Kcistrans Value than all other compounds of interest, indicating that there is a tsigklamide
bond preference, but not as strongBakad and3.5ad. This is expected because of thek of
heteroatom in the side chain that is present inNhenino glycine andN-alkylamino glycine
monomer side chains, therefore removing the lone-lpag pair electronic repulsion that

presumably destabilizes tless-conformer in analog3.4ad and3.5ad.

Table 3.3.Kcistransvalues 0f3.5ad, 3.4ad, and3.7at 100 mM
Ar Ar Ar

HAm %Q Y %Q HA?%Q

3.4a-d 3.5a-d 3.7
H-NMR (CDC)

Compound 1Ha’ Kcis/trans 1Hb, Kcis/trans
3.48 <0.05 <0.05
3.5a 0.11 <0.05
3.4 <0.05 <0.05
3.5b 0.10 0.14
3.4¢ <0.05 <0.05
3.5¢ 0.16 -
3.4d 0.05 0.06
3.5d 0.11 0.10

37 _b 0.24

aNo additional peaks for minor conformer wereletected fotheseN-imino glycine monomersShoulderbegins to appear tt
may represent different rotamers, but they are not fully resolved at this concentration

The unsubstituted benzaldehyde hydrazone mono&éesand 3.5awere chosen as model
compounds along with the control monon®¥ for further analysis in moresolventsthat are
commonly used to measureidtansvalues in peptoidandat moreconcentrationgseeTable 3.4.
Across solvents and concentratioBs}a appears to be predominately ansingleconformation
because of theingle acetyl peak>99%) whichis hypothesizd to represent thetansamide bond
conformationbased off previous literatusnd the Xray crystallography results. CompouBda
has two peaks present for the acetyl redidf) and backbone CHHp) signds, meaning that both
thecis- andtrans amide conformation populations are being detected on the NMR timeHuoale
trans conformation is still more dominant in all solvents and concentrations tested (re8%6
Additionally, following the shift of he-NH proton of3.5ain CDCk at room temperature across

concentrations (100, 10, 5, and 1 mM) showed
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intramolecular hydrogen bondingigure 3.33.12 In the transamide bond conformation, it is
expectedor the hydrogen bond acceptor to be théefninal carbonyl oxygen, as discussed in
section 3.2. Finally, compourgi7 has a lower preference for ttrans-conformation compared to

both theN-imino andN-alkylamino glycines (about 80%).

Table 3.4.KistransvValues of model compounds in different solvents and concentrations
H-NMR (CDCk)

1Ha, 1Ha, 1Ha, 1Ha, 1Hb, 1Hb, 1Hb, 1Hb, AVG AVGpri
cis/trans cis/trans cis/trans cis/trans cis/trans cis/trans cis/trans cis/trans K cisftrans s/trans
rlrﬁ\fl) 10mM 5mM 1mM i]?\jl) 10mM 5mM 1mM teelinet)
34d <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
35a 011 014 013 014 <005 <0.05 <005 <005 Oi3*  122%
. . . . . . . . . 0.01 0.06
37 b b b b 024 025 021 035 %206; odsloli
TH-NMR (CD:CN)
1Ha, 1Ha, 1Ha, 1Ha, 1Hb, 1Hb, 1Hb, 1Hb, AVG AVGCpGi
cis/trans cis/trans cis/trans cis/trans cis/trans cis/trans cis/trans cis/trans K A s/trans
;0,\2 10mM 5mM  1mM iﬁ\? 10mM  5mM  1mM L)
3448 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
0.17+ 1.05%
_C _C _C _C
3.5a 0.15 0.17 0.17 0.19 0.01 0.05
37 b b b - 074 067 073 o074 O 0I5
'H-NMR (CDsOD)
1Ha, 1Ha, 1Ha, 1Ha, 1Hb, 1Hb, 1Hb, 1Hb, AVG AVGCp Gi
cis/trans cis/trans cis/trans cis/trans cis/trans cis/trans cis/trans cis/trans K cistt s/trans
100 100 cisirans (kcal/mol)
mM 10mM 5mM 1mM mM 1I0mM 5mM 1mM
3448 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
35a 015 017 016 016 015 018 o016 o019 016+ 1O7%
. . . . . . . . . 0.01 0.05
0.44+ 0.48+
_-b _.b _b b
3.7 0.45 0.44 0.45 0.42 0.0l 0.02

aNo additional peaks for minor conformer wereletected®Shoulderbegins to appear that may represent different rotame
are not fully resolvediThe residual solvent peak has the same ppm shift as the acetyl gsttspnsratios were measured us
the backbone methylene peaks only.

Variable temperature experimentgere also performed in GDD to ensure that the NMR
spectra are indicative of a single conformation rather than rapidly interconverting states that are
not detectable on the NMR time scale. As the temperature was lowered to B&reCwas no
evidence of anothezronformational isomer for either the acetyl bptak or the backbone GH
peak for 3.4a For compound3.5a as the temperature was increased to 45°C, the two
conformational peaks did not coalesce. The#snsvalues at each temperature in the range did no
vary greatly, also indicating a consistent population of both conformations across temperatures.

Variable temperature experiments were continued inGDDfor sample3.5a to see if the
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temperature was simply not high enough to detect a coalescence sf Ipgadven increasing to
75°C didnat show coalescence of the backbone Gébk (the Clipeak overlaps with the residual
solvent in CRCN, so it was not observed). However, the peaks do broaden andidhesK

increases up to 0.30 at 75°C.

A 55 = 5050
s Q y =-0.5914x + 5224.6
= 5.3 £ 5045 R2=0.9924
b= b=
< 5.1 < 5040
U) —
g 4.9 8 5035
g =
) 4.7 @ 5030
) &)
© 45 5025
-4 -3 -2 -1 0 290 300 310 320 330
log[concentration(M)] Temperature (K)

Figure 3.3. a)NMR chemical shift of the NH proton of the amino alkyl side chai8.&& in CDCk at room temperature, a
function of the logarithm of concentration in k) Temperature coefficient ¢de) of compound 3.5a IDMSO-ds determine
using the'H-NMR chemical shift of the NH proton of the amino alkyl side chain at 17 mM with respect to temperafe’ ('
Based on th barrier of rotation about an amide bond-206kcal/mol), it is reasonable to not
detect a coalescence point ®9baas the temperatures may not be high enough to provide enough
energy to cross that barriéd-alkoxy glycine monomers have a predicte@rgy of rotation of
about 1012 kcal/mot while azaproline peptide sidechains have a predicted energy of rotation of
about 1820 kcal/mol® More discussion of the rotational barrier is discussed in the computational
section below.
For compound.5g variable temperature experiments were also performed in DYSIO
order to be able to detect the NH peak (not seen witsODID. Across temperatures from 25
°C, the temperature coefficient of tiiéH peak was determined to b@.59 ppb/K Figure 3.3b).
According to amide boneNH data, this value is consistent with solvent shielding and implies
intramolecular hydrogen bonding inetimolecule-314
With the reported Ksiransvalues fromH-NMR along with variable temperature experiments
it is shown that one conformer is preferred, though the structure of this conformational isomer
needed to be confirmed using 2D NMRhe chemical shift of theNH proton in3.5ais indicative
of an intramolecular hydrogen bond in the molecule. ffdmres-amide bond conformation and will

be further analyzed in the next two sections.
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3.42D NMR analysis of model monomers

Model monomer8.4aand3.5aand control monome3.7were also analyzed using 2D Nuclear
Overhauser effect spectroscopy (NOESY) NMR at 10 mM @D This type of NMR
experiment is commonly used to help establish the geometry of the amide bond in peptides and
peptoids by shwing interactions between protons that are close together in space. For these model
monomer systems, teans isomer was expected to have NOEs between the acetya@iHthe
side chain CH (KB and side chain aryl CH {H while acis- isomer was expeateto show NOEs
between the acetyl GHHa) and the backbone methylene,fH

All 2D experiments were performed following the parameters used by Blaékwalhalysis
of the N-alkoxy glycine monomer precursor to tNehydroxy glycine monomer. This compound
is similar toN-imino andN-alkylamino glycinemonomers, with a heteroatom substitution from
nitrogen to oxygen.

NOE crosspeaks were detected between the acetyl grauar(éithe side chain phenyl ring
(H;) for both3.4aand3.5a(X-ray crystal distances of 3.18 A and 3.13 A, resipely) consistent
with atransamide bond configuration (s€&égure 3.4).2 Unexpectedly, a weak cropgak was
also detected between Bnd H, in the major conformation peaks f84aand3.58 which would
normally be expected in thres-amide bond comirmation. However, these interactions have also
been observed in the 2D NOESY NMRs frhydroxy glycine monomers in th&ans
conformatiorz Comparedby integratiorto the intensity of a necessariis- interaction between
theHp and a piperidinyl CHH.), theHs/Hy was found to b&3x and 8xless intenséor 3.4aand
3.53 respectively NOESY can alsadletectinteractions up to A apart, whichs consistent with
the atomic distances of 48237 A between kbind H, detected by Xay analysis. Overall, these

interactions indicate that the single acetyl peaRB.#aand the major conformation of the acetyl

oY o F

HN

| a I I Q
N N O N
0 a7 o
4 O Hy 4 o H Hyr
' H \ bH b
A \ PN a7y

3.4a 3.5a 3.5a’ 3.7 3.7

stronger interactions weaker interactions

Figure 3.4.Proton identification foB . 4 a, 3 (ciScanformationbo8.6a),3.7and3 . (¢i®conformation 083.7).
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peak in3.5aboth correspond to thieansamide bond conformation whereas the minor peak in
3.5acorresponds to thas-conformaion.

In the minor conformational isomer 8t5a3 crosspeaks were detected betweegraHd H, 5
This interaction is expected since the minor peaks of each proton were determined to bis-in the
amide bond configuration. Additionally, a positive crosgpeetween Hand H, avas observed,
indicating conformational exchange between the two protons, as opposed to interaction between
space.

Finally, for the control compour®l7the expected interactions between the acetyl protof)s (H
and the sidechain @H;, and H) are present. The minor acetyl peal ftHas an interaction with
what is presumably b which is likely overlapping with Hin this sample. Overall, these 2D
NOESY NMR spectra confirm theansamide bond conformation for bo8¥4aand3.5aand the

control monomeB.7.

3.5Computational analysisof model monomers.

Computational analysis of model peptoids is another way to deterthieir geometric
conformations and possible noovalent interactions within the molecule. Theoretical
calculations using the model monomers and the cordré (3.53 and3.7) were performed using
the Gaussian 16 implementation of B3LYP 1° densityfunctional theory. These calculations
further confirmed théransinducing capabilities oN-imino andN-alkylamino glycine residues.
Preliminary computational work was completed during my N&U in the Proulx lab under the
guidance of Profs. Elena Jakkiwva and Elon Ison. Prof. Ison has also collaborated to assist with
other calculations more recently during my graduate studies.

At the outset, the structures ®4aand3.5awere generated using the coordinates from their
respective Xray crystal struetres, an®.7 by editing the crystal structure 8f5ain GaussView.

The geometry of each structure was optimized in the gas phasespsitific keywordsvith the
6-31G(d,p§° basis sef(see Experimental section for more detaifs$ the main interest ahis

study is determining the lowest energy amide bond configurationc{&eor trans), relaxed
potenti al energy scans were performed about
structures. In this type of scan, the molecule undergoes ggoopéimization at each step, which

iSs more accurate than a rigid scan that can be used to get a rough estimate of energies without

optimizing at each step.
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This experimentesulted in a plot of energies that, while inflated, reinforced the trends seen in
solution Figure 35). All three compounds had large rotational barrier energies (betwe2s 20
kcal/mol) which is expected from rotating around an amide bond. The arsai®@ree form gives
the GN bond appreciable double bond character, raising the rotational barrier energy. Differences
betweentheis-( ¥ = @any( mand N180A) energies aB4ap tr end
3.5a>> 3.7 (Table 3.95. The low energylifference for compoun8.7 means it can more easily
have populations in both conformations, whereas the higher energy differen8etatnd3.5a
indicate that the one conformatianahs 1 s mor e preferred. cishdisi s 1 ef
values from théH-NMR studies.

?NJkNO . O?NJkNO

3.4a: R =N=CHPh 3.5a: R=NHCH,Ph 3.7:R = CH,CH,Ph

/A

180 150 -120  -90 -60 -30 0 30 60 90 120 150 180
Scan Coordinate of Omega Angle (A
~—0—34a ——@=3.5a 3.7

Relative Energy (kcal/mol)

Figure 3.5. Relative energy for relaxed potential energy scan of optimized structures abeutlittedral angle for monome
3.4a, 3.53, and3.7reported at the B3LYP/81G(d,p) level of theory. Seexgerimental sectiofor more computational details

T h eGcisgpnsvalues forcompounds3.4aand3.5aare around’-9 kcal/molaccording to this
original plot which are inflated compared to the experimental data collectedHWNMR.
Professorlson providedsome guidancand collaborated with us on the projdnt performing
energy calculations ahecis- andtrans conformatiorstructure with differentenergy calculation
correctionsl n hi s work, energy minima from the ¥ an
oftheoy as the scan, with the addition of t he |
correction (meaning that the calculations took the effects of the potentially fluctuating charge
distribution around the system into accoufit).

In thetrans conformationof 3.5g a hydrogen bond is present between the side chain NH and
the Gterminal carbonyl. It was postulated that in tee conformation, that hydrogen bond could
also potentially form between the side chain NH and the acetyl carbatefdestingly,it was

di scovered by doing another rel axed 3pahtatent i al
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the lowest energy conformation tbfis compoundn thecis- conformationin facthasa hydrogen
bond present between the acetyl carbonyl and side chaifiFidhire 3.6). This interaction gives

a lowerrelative energy differendeetween the two conformatioasdprovidesmore insight into
why thecis- conformationrmay bepresent only in the reducédalkylaminoglycineversion ofthe
compound.With this new low energy conformation for tbes conformation 0f3.53 it and the
other cis and trans energy minima for3.4a 3.5 and 3.7, energy calculations for the now
optimized structures were done with a different basis s&1{8-G(2d,p}?) and ncluded solvation
corrections in acetonitrilgia the PCM method, rather than in the gas phase like the optimization
calculations. These calculations resultetess inflated values that still follow the tremdlicated

on the originaplot (Table 3.5.

Ph
H

UTG::\W I, U

Energy (kcal/mol)

,'I 0 1 1 1 L 1 1 1
-100-50 0 50 100 150 200 250
Dihedral Angle (%)

Figure 3.6Potential energy surface scan for rotation around (&Ni N7 H) dihedral angle in theis conformation of3.5a Twa
minima were identified with hydrogen bonding to the carbonyl oxygens. A total of 36 points were scannéacatb@hts.

As mentioned earlier, previous literature has suggested that electron repulsion between the lone
pair on the carbonyl oxygen and side chain nitrogen explains this preference toarthe
conformatiod?# and therefore these trends inefrenergies. These interactions can be observed
in HOMO-1 of compound.4a (Figure 3.7). Natural bond orbitafé2> (NBOs) 70 and 71 show
that the orbitals originate from the lone pair on the imino nitrogen and carbonyl oxygen,
respectively. The removal tife side chain nitrogen to obtdry causes a reduction in the electron
electron repulsion present, causing a smaller preference faratie conformation and much
| o w e #israngp@ue for3.7. As for3.5a electrorelectron repulsion is a major doibutor to the
transamide bond preference, but a small population is detected wistheonformation likely
because of the presence of a hydrogen bond between the acetyl oxygen and the amino NH bond

(N-Hé O = 2.24 A, computationally). This hydrogen baaduces the energetic difference between
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Table35.Rel ati ve @E and @G.4a &Jaand3s7(computationa ang expenneereal)

3.4a 3.5a 3.7
Ph F|>h Ph
Cis-amid l}l/) o JHNT 0 # o
IS-amide OYN\)J\'\O o’j/N\)L,\O OYN\)J\,\O
Ph Ph Ph
Z kNH——O o)
Trans-amide N\)J\ N\)J\ N\)J\
N N N
TTYO Ty vy
(00] €] PG

Structure (Experimental, CDsCN) Rel atl ve s (Computational, Ison)

Fig. 3.3)(kcal/mol)

(kcal/mol) (kcal/mol)
3.4a - 9.0 5.6
3.5a 1.05+ 0.05 7.2 2.9
3.7 0.19+ 0.02 1.5 0.67
thecis- andtransi s omer s, r e s ul dstanbvglue ifor8.5a Overatl,aHede eesultsgp G

support thatN-imino glycines andN-alkylamino glycines prefer thérans amide bond

configuration, whictshould allow for secondary structure stabilization in longer oligomers.

NBO 71

Figure 3.7.Molecular and natural bonding orbitals (NBOs) o4a Orbitals are shown at 0.045 isocontours.
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3.6 Experimental Data

3.6.1 General

Solution phase reactions done with dry solvents were performed indoleehglassware under

argon sealed with rubber septa and were stirred Tafton-coated magnetic stir bars. Thin layer
chromatography (TLC) was performed using Silicycle silica gel @34 precoated plates (0.25

mm) and visualized using ultraviolet light (UV) and/or submersion in aqueous ninhydrin or
KMnO4 staining solutions. &nples 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) speltta3C) were recorded on a 600 or

700 MHz Bruker spectrometer at 25 °C unless otherwise specified. Chemical shifts are expressed
in parts per million (ppm, U4 scale) and are
(CHCl, U 7.26, MeOH, 0O 3.31, or Miet@dchemital shiftt94) . N
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad), coupling
constant in Hertz, and integration. Chemical shiftsif6rNMR spectra are recorded in parts per
million (ppareutursftal enceadcddto the centr al peak
spectra were obtained with complete proton decoupling. Infrared (IR) spectra were collected on a
Thermo Scientific Nicolet iS5 FTIR instrument using attenuated total reflectance (AJd®) amd

signals are reported in reciprocal centimetersijcrivelting points were obtained on a Mettler

Toledo MP50 One Click Melting Point System.

3.6.2Reagents

Triisopropylsilane  (TIPS), trifluoroacetic acid (TFA), bromoacetic acid, and

dii sopropyl carbodii mide (DI C) wer e pbikdr c has e
diisopropylethylamine (DIEA), triethylamine (TEA), triethylsilane (TES), piperidine, acetyl
chloride, 4-fluorobenzaldehyde, -dhlorobenzaldehyde,-dromobenzaldehydey-anisaldehyde,
isobutyraldehyde, +trifluoromethyl)benzaldehyde, p-tolualdehyde, 2anethoxyethylamine,
methylamine (40% in water), isobutylamine, benzylamine, anilinpyréblecarboxaldehyas
isobutyraldehyde, butyraldehyde, chloroacetic acid, potassium iodide, and benzaldehyde were
purchased from Sigma Aldrich. Bromoacetyl bromide, phenol, isopropylamine, 2
phenyl et hajahireteri-botd esterthydrochloride, and NaBEN were purchasd from

Alfa Aesar (Thermo Fisher Scientific). -fAraldehdye, cyclopentanecarboxaldehyde,
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cyclohexanecarboxaldehyde, and hydroxylamine hydrochloride were purchased from Acros
Organics. All chemicals were used as received without further purification.

3.6.3 Representative protocols for synthesis geptoidsin solution
2-bromo-1-(piperidin -1-yl)ethan-1-one (3.2
Br\)OLN The synthesis was performed following literature procedure with minor
modifications? A solution of piperidine (5 mmol, 0.5 mL) and TEA (8 mmol, 1.1
mL) in dry CHCI> (13 mL) was cooled to 78 °C in an ovetdried round bottom flask under an
argon atmosphere. Bromoacetyl bromide (7.5 mmol, 0.65 mL) was added dropwisstioitiye
solution. After addition, the solution was reacted at room temperature for 15 minutes. After the
reaction was complete, the solution was transferred to a separatory funnel with 30:@ik aid
washed with cold saturated aq. NaH{O@x), 10% w/v @ric acid solution (2x), and saturated
brine (1x). The organic layer was collected, dried withS\@, and the solvent was removed under

reduced pressure. The material was carried on to the next step without further purification.

(E)-2-(2-benzylidenehydrazineyl}1-(piperidin -1-yl)ethan-1-one 3.3a)
2 o The crude zbromol1-(piperidinl-yl)etharrl-one, 3.2 (5.0 mmol) and TEA
HN\)LN (2.4 mL, 10.0 mmol) were dissolved in dry THF (20 mL) in an esead round

bottom flask under an argon atmosphere and cooled to 0 °C in an ice bath.

Ph

Benzaldehyde hydrazone (2.40 g, 20.0 mmol) was dissolved in dry THF (5 mL) in a 20 mL vial
under argon atmosphere and cooled to 0 °C before being added dropwise tattbe b8.2

After the addition, the reaction was removed from the ice bath and left under an argon balloon for
2 hours at room temperature. The reaction mixture was filtered and the THF was removed under
reduced pressure. The product was purified by ftdsomatography with a Biotage® Isolera using

a 40100% ethyl acetate in hexanes gradient to §ixda as an orange oil (0.7894 g, 3.2 mmaol,
64% yield over two stepsiRf = 0.42(40% ethyl acetate in hexane®$);NMR (600 MHz, CDC}4)

a 7. 70 ( &d,J=169Hz 2H), 7.313t)=7.41 Hz, 2H), 7.24 (1 = 7.35 Hz, 1H), 6.30
(broad s, 1H), 4.05 (s, 2H), 3.55Jt 5.66 Hz, 2H), 3.37 (] = 5.50 Hz, 2H), 1.68..53 (m, 6H);

13C NMR (150 MHz, CDC}) 167.50, 138.99, 135.54, 128.21, 127.825.80, 49.63, 45.23,
42.70, 26.03, 25.20, 24.1MRMS (HESI/orbitrap)calculated for [G4H19N3O] calculatedn/z[M

+ H]* = 246.1601, observad/z[M + H]* = 246.1605.
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(E)-2-(2-(4-methoxybenzylidene)hydrazineyl}1-(piperidin -1-yl)ethan-1-one (3.3b)
OMe 3.3 was synthesized according to the procedure described above for the
synthesis 0f3.3a from 3.2 (3.4 mmol) and 4nethoxybenzaldehyde hydrazone
_ (2.02 g, 6.8 mmol). The product was purified by flash chromatography with a
HE\)?\N Biotage® Isolera using a 200% ethyl acetate in hexanes gradient to §ide
as a dark yellow oil (0.3194 g, 1.2 mmol, 23% vyieletiotwo steps)Due to its
instability, the product was used immediately after purification in the next step.

(E)-1-(piperidin -1-yl)-2-(2-(4-(trifluoromethyl)benzylidene)hydrazineyl)ethan-1-one (3.3c)
CF, 3.k was synthesized according to the procedure described above for the
synthesis of3.3a from 3.2 (2.2 mmol) and 4trifluoromethyl)benzaldehyde (800
mg, 4.3 mmol). The product was purified by flash chromatography with a
HE/\)?\N Biotage® Isolerausing a 26100% ethyl acetate in hexanes gradient to §ide
O as an orange 0i{0.3523 g, 1.1 mmol, 52% vyield over two stepBue to its

instability, the product was used immediately after purification in the next step.

(E)-N ébenzylideneN-(2-oxo-2-(piperidin -1-yl)ethyl)acetohydrazide @.4a)
on Compound3.3a (500 mg, 2.04 mmol) was dissolved in dry £CH (21 mL)
N o in an ovendried 100 mL round bottom flask under an argon ahere and
\rrhl‘\)\@ cooled to 0 °C in an ice bath. TEA (0.70 mL, 5.10 mmol) was added followed
© by the dropwise addition of acetyl chloride (0.40 mL, 5.10 mmol). The reaction
(yellow solution) was removed from the ice bath and stirred under an argon atmosph&re for 3
minutes at room temperature. The solvent was removed under reduced pressure and the product
was purified by flash chromatography with a Biotage® Isolera usingld00@% ethyl acetate in
hexanes gradient to givdeda as a light yellow solid (0.5044 g, B Tmol, 86% yield)Rf = 0.24
(40% ethyl acetate in hexane®t NMR (600 MHz, CDC$) U 7J=6.38 Hz,®H), 7.64 (s,
1H), 7.397.33 (m, 3 H), 4.82 (s, 2H), 3.54 {t= 5.67 Hz, 2 H), 3.38 ({] = 5.34 Hz, 2 H), 2.52
(s, 3H), 1.671.54 (m, 6H)*C NMR (150 MHz,CDC}) & 172.62, 163.68, 139
128.33, 126.90, 45.95, 43.07, 42.52, 26.18, 25.26, 24.12, R @feat) 2939, 2859, 1670, 1636,
1411, 1233, 945, 756, 695, 594RMS (HESI/orbitrap)calculated for [@H21N3O2] calculated

m/z[M + H]* = 288.1707, observed/z[M + H]" = 288.1710MP = 143.4 °C- 146.5 °C.
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(E)-N'-(4-methoxybenzylidene)N-(2-oxo-2-(piperidin -1-yl)ethyl)acetohydrazide @.4b)
QMe 3.4b was synthesizk according to the procedure described above for the
synthesis o83.4a from 3.3b (311 mg, 1.1 mmol). The product was purified by
N o flash chromatography with a Biotage® Isolera using-4@0% ethyl acetate in

\[r'l“\)J\,O hexanes gradient to gi\Be4b as a light orangeosid (0.2995 g, 0.94 mmol, 84%

° yield); Rf = 0.18(40% ethyl acetate in hexane¥t NMR (600 MHz, CDC})
d 7.60 (s, 2H) ,J=B8%Hx 2H54.79 (5,2H),3.85(s, 8HY, 3(534,5.77
Hz, 2 H), 3.47 (tJ = 4.76 Hz, 2 H), 2.49 (s, 3H), 1.8553 (m, 6H)"*C NMR (125 MHz, CDC4)
a 172. 87, 164. 38, 160. 90, 139. 75, 128. 67,
25.56, 24.43, 21.66R (neat) 2934, 1645, 1512, 1409, 1243, 1165, 1025, 829, HRMS
(HESI/orbitrap)calculated for [€7H23N303] calculatedm/z[M + H]* = 318.1812, observeuh/z

[M + H]* = 318.1810MP = 121.7 °C-122.8 °C.

(E)-N-(2-oxo-2-(piperidin - 1-yl)ethyl)-N'-(4-(trifluoromethyl)benzylidene)acetohydrazide
CFy (3.40)
3.4c was synthesized according to the procedure described above for the
Z o synthesis o83.4a from 3.3c (350 mg, 1.1 mmol). The product was purified by
\rr“I'\)J\,O flash chromatography with Biotage® Isolera using &lB0% ethyl acetate in
° hexanes gradient to gi&4c as a light yellow solid (0.3290 g, 0.93 mmol, 83%
yield): Rf = 0.23(40% ethyl acetate in hexane¥} NMR (500 MHz, CDC4) U 7J=B.712 ( d,
Hz, 2H), 7.65 (s, 1H), 7.62 (d,= 8.31 Hz, 2H), 4.83 (s, 2H), 3.55 Jt= 5.55 Hz, 2 H), 3.49 (1]
=5.23 Hz, 2 H), 2.53 (s, 3H), 1.4855 (m, 6H)*C NMR (125 MHz, CDC}) i 173.18,
138.00, 131.68 (g) = 32.2 Hz), 127.42, 125.74 (§= 3.8 Hz), 46.51, 43.61, 43.15, 26.62, 25.66,
24.51, 21.76IR (neat) 2938, 1675, 1645, 1410, 1157, 1106, 1064, 979, 951, 928, 841, 599, 563,
435.HRMS (HESI/orbitrap)calculated for [@7H20F3sN3O2] calculatedm/z[M + H]* = 356.1580,

observedn/z[M + H]* = 356.1578MP = 184.6 °Ci 186.9 °C.
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N ébenzykN-(2-oxo-2-(piperidin -1-yl)ethyl)acetohydrazide @3.5a)
Compound3.4a (100 mg, 0.35 mmol) was dissolved in THF (1.7 mL) in a 10 mL round bottom

flask. AcOH (59 pL, 1.05 mmol) was added followed by NaBN (218.7 mg,
? 3.48 mmol) and the solution was stirred for 2 h at reemmperature. The THF was
WEDCL removed under reduced pressure, and the cloudy oil was redissolhethyin

0 NO acetateand washed with 1 M KHS(1x) and saturated brine (1x). The organic
layer was dried with N&Qy, filtrered, and the solvent was removed under cedipressure. The
solution was redissolved in EtOH and was refluxed for 2 h at 85 °C, followed by removal of EtOH
under reduced pressure. The oil was purified by flash chromatography with a Biotage® Isolera
with a 410% MeOH in CHCI; gradient to give3.5a as a white solid (0.0799 g, 0.28 mmol, 79%
yield). Rf = 0.43(5% MeOH in CHCI), stains with KMn@; *H NMR (600 MHz, CDC}) trans
rotamer i 7.327.21 (m, 5H), 4.94 (t) = 5.26 Hz, 1H), 4.39 (s, 2H), 3.88 (@= 5.24 Hz, 2H),

3.47 (t,J=5.56 Hz, 2H), 3.33 (1} = 5.47 Hz, 2H), 2.07 (s, 3H), 1.€653 (m, 6H)cis rotamer U

7.37-7.25 (m, 5H), 5.40 (t) = 5.12 Hz, 1H), 3.95 (s, 2H), 3.94 @@= 3.64 Hz, 2H), 3.52 (] =

5.61 Hz, 2H), 3.16 () = 5.46 Hz, ), 2.04 (s, 3H), 1.60.48 (m, 6H);*3C NMR (150 MHz,

CDChL) u 175. 22, 166. 66, 137. 31, 129. 05, 128. 62,
24.47, 21.01IR (neat) 3282, 2936, 2854, 1637, 1229,1026, 756, 737HRBLS (HESI/orbitrap)

calculaed for [GeH23N3O7] calculatedm/z [M + H]™ = 290.1863, observeth/z[M + H]* =
290.1869MP = 109.5 °C- 112.5 °C.

N'-(4-methoxybenzyl}N-(2-oxo-2-(piperidin -1-yl)ethyl)acetohydrazide (3.50)
OMe 3.5 was synthesized according to the procedure described above for the
synthesis oB.5a from 3.4b (150.0 mg, 0.47 mmol). The oil was purified by flash
NH O chromatography with a Biotage® Isolera with-8% MeOH in CHCI; gradient
WO(NJHO to give3.5b as a pale yellow solid (0.1099 g, 0.34 mmol, 73% yidRi)= 0.50
(5% MeOH in CHCIy), productstains with KMnQ; *H NMR (500 MHz, CDC})
transrotamer 7.22 (d,J= 8.85 Hz, 2 H), 6.85 (d,= 8.85 Hz, 2 H), 4.91 (s, broad, 1H), 4.44 (s,
2H), 3.86 (s, 2H), 3.79 (s, 3H), 3.52Jt 5.77 Hz, 2H), 3.39 (1] = 4.76 Hz, 2H), 2.11 (s, 3H),
1.651.53 (m, 6H)cis rotamer:7.22 (d,J = 8.85 Hz, 2 H), 6.85 (d] = 8.85 Hz, 2 H), 4.81 (s,
broad,1H), 4.01 (s, 2H), 3.92 (s, 2H), 3.83 (s, 3H), 3.5245.77 Hz, 2 H), 3.22 (1] = 5.56 Hz,
2 H), 2.03 (s, 3H), 1.6%.53 (m, 6H);3C NMR (125 MHz, CDC}) U 175. 07, 166.
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130.17, 129.24, 113.88, 55.28, 51.52, 46.10, 42.96, 42.05, 26.28, 24.37, 20.92R (neat)
3276, 2929, 2852, 1634, 1442, 1249, 1032, 849, 803, 5831RBHLS (HESI/orbitrap)calculated
for [C17H25N303] calculatedm/z[M + H] " =320.1969, observed/z[M + H]" = 320.1965MP =
84.6 °Ci 87.6 °C.

N-(2-oxo-2-(piperidin -1-yl)ethyl)-N'-(4-(trifluoromethyl)benzyl)acetohydrazide (3.5c)

CFs 3.5c was synthesized according to the procedure described above for the
synthesis of3.5a from 3.4c (150 mg, 0.42 mmol). The oil was purified by flash
NH O chromatography on the Biotage® Isolera with-&8%2 MeOH in CHCI, gradient
ﬁ("“ﬂN to give 3.5c as a white solid (0.1268 g, 0.35 mmol, 84% vyieRl).= 0.42 (5%

0 MeOH in CHCI,), productstains with KMnQ; *H NMR (500 MHz, CDC}):
transrotamer 7.59 (d, 2H), 7.45 (d, 2H), 5.12 (= 5.23 Hz, 1H), 4.44 (s, 2 H), 3.98 (d, 2 H),
3.52 (t,J = 5.23 Hz, 2H), 3.39 () = 5.23 Hz, 2H), 2.12 (s, 3H), 1.d754 (m, 6H)cis rotamer:
7.59 (d, 2H), 7.45 (d, 2H), 5.12 (t= 5.23 Hz, 1H), 4.05 (s, 2 H), 4.04 (s, 2H), 3.52&,5.23
Hz, 2H), 3.22 () = 5.52 Hz, 2H), 2.03 (s, 3H), 1.654 (m, 6H)233C NMR (125 MHz, CDC})

a 175. 15, 166. 2 32.4H2%),129.310125.638 @8 3.5Hz), 191, 46.24,
43.11, 42.13, 26.42, 25.55, 24.46, 21.0@;(neat) 2950, 2860, 1633,1447, 1405, 4,32158,
1110, 1066, 1018, 814, 801, 615, 590, 38RMS (HESI/orbitrap)calculated for [GH22F3N30]
calculatedn/z[M + H]* = 358.1737, observen/z[M + H]" = 358.1733MP = 138.6 °Ci 141.6

°C.

2-(phenethylamino)-1-(piperidin -1-yl)ethan-1-one (3.6)
Ph 18b was synthesized according to the procedure described above for the

o synthesis ofl8afrom 17 (5.0 mmol) and henylethylamine (1.3 mL, 10 mmol).
HN\)J\I\O The product was purified liyash chromatography with a Biotage® Isolera using
a 38% MeOH in CHCI> gradient to give8.6 as a dark orange oil (0.8892 g, 3.6
mmol, 72% yield over two steps}f = 0.29(5% MeOH in CHCI,); *H NMR (600 MHz, CDC}4)
a  7-7.15 6m, 5H), 3.50 (t) = 5.63Hz, 2H), 3.38 (s, 2H), 3.25 (§,= 5.58 Hz, 2H), 2.8€.83
(m, 2H), 2.812.78 (m, 2H), 2.33 (broad s, 1H), 1:53t8 (m, 6H)*C NMR (150 MHz, CDC$)
0 168.89, 139.92, 128.63, 128.34, 126.03, 51.35, 50.28, 45.43, 42.88, 36.61, 26.24, 25.45, 24.42;

IR (neat) 2933, 2853, 1635, 1440, 1252, 1228, 1121, 1011, 852, 748, 699, 588|RMS.
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(HESI/orbitrap)calculated for [@sH22N20] calculatedn/z[M + H]* = 247.1805, observed/z[M
+ H]* = 247.1801.

N-(2-oxo-2-(piperidin -1-yl)ethyl)-N-phenethylacetamide(3.7)

Ph 3.7 was synthesized according to the procedure described above for the
};QO\: synthesis o8.4a from 3.6 (800 mg, 3.2 mmol). The pradt was purified by flash

0 chromatography with a Biotage® Isolera usingZ0%36 MeOH in CHCI. gradient
to give3.7 as an orange oil (0.5535 g, 1.9 mmol, 59% yidRf)= 0.35(5% MeOH in CHCI);
'H NMR (600 MHz, CDC4) trénsrotamer 7.36:7.15 (m, 5H), 4.10 (s, 2H), 3.62 = 7.38
Hz, 2H), 3.52 (tJ = 5.74 Hz, 2H), 3.33 (i) = 5.57 Hz, 2H), 2.86 () = 7.38 Hz, 2H), 1.98 (s,
3H), 1.631.52 (m, 6HXxisrotamer:7.30-7.15 (m, 5H), 3.79 (s, 2H), 3.59 {t= 7.38 Hz, 2H), 3.52
(t, J = 5.74 Hz, 2H), 3.17 () = 5.61 Hz, 2H), 2.86 () = 7.38 Hz, 2H), 1.98 (s, 3H), 1.6352
(m, 6H);*C NMR (150 MHz,CDC$) G 171. 05, 166.39, 138.50,
46.59, 46.13, 43.23, 35.06, 26.39, 25.57, 24.56, 21R04neat) 295, 1636, 1440, 1251, 1226,
1003, 746, 700, 49HRMS calculated for [@7H24N202] calculatedm/z[M + H]* = 289.1911,
observedn/z[M + H]* = 289.1916

CompoundsS.2, 3.33, 3.4a-c, 3.5a-c, 3.6, and 3.7 were characterized byd and**C NMR in
CDCls. Compounds3.4a, 3.5a, and 3.7 were further characterized in three different solvents
(CDClz, CDsCN, and CROD) and four concentrations (1, 5, 10, and 100 mM) to measure average
Keistransvalues KcistransiS reported as the average value of the tagiveen theis andtranspairs
of signals arising from two sets of rotamer related pedke backbone methylene protons,H
and the methyl acetyl protons §HMean values are given with the corresponding standard
deviation. The values observed in each solvent are shoWabie 3.4in the main textH NMRs
of 3.4a and3.5a were also taken at temperatures ranging fra38°C to 45°C!H and NOESY
experiments wre used to assign proton signals and analyze interactions through space to identify

cis- or trans amide configurations d.4a, 3.5a, and3.7.
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3.6.4 Conformational Analysis

3.6.4.1Variable solvent and concentration

1D spectra were collected feamples prepared at 100, 10, 5, and 1 mM concentrations at
25 °C in three solvents (CD£ICDsOD, and CRCN) for 3.4a, 3.5, and3.7.

Chemical shifts for all
. peaks remained th
J 1 m | same throughout.

O IS5 m i /)Ph
N 'ﬂﬂ
N
Eul | . 10 n T @
] 3.4a
Mi ‘ M /‘\J\l O O

Figure 3.8."HNMR (600 MHz, CDC)) 1mM, 5 mM, 10mM and 100 mM (top to bottom)#a

|, Chemical shifts for all
J 1 M | peaks remain the sarr

t for 10, 5, and 1 mM
with 100 mM shifts off
|,by 0.01 ppm.

Ph

10 2 N

I

T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5

A L

T T T T T T T
3.5 3.0 25 2.0 1.5 1.0 0.5

4.0
f1 (ppm)

Figure 3.9."H NMR (600 MHz, CROD) 1mM, 5 mM, 10mM and 100 mM (top to bottom)3éa
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Figure 3.10.1H NMR (600 MHz, CRCN) 1mM, 5 mM, 10mM and 100 mM (top to bottom)Dfla
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Figure 3.11."H NMR (600 MHz, CDCJ) 1mM, 5 mM, 10mM and 100 mM (top to bottom)dba
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Figure 3.13.'H NMR (600 MHz, CRCN) 1mM, 5 mM, 10mM and 100 mM (top to bottom)ba
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Chemical shifts for
+ all peaks remain
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Figure 3.16."H NMR (600 MHz, CRCN) 1mM, 5 mM, 10mM and 100 mM (top to bottom)3b¥
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Figure 3.17 Variable temperature *H NMRs for peptoid 3.4a To confirm that the single peak
was due to the presence of a single confordtefNMRs were taken at a range of temperatures
( 35°C to 45°C), presented below. The acetyl peak for mon8reshifted downfield, but did
not split into two peaks or broadeansiderably over this temperature range.
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Figure 3.18. Variable temperature *H NMRs for peptoid (3p.51a )The backbone methylene proton
singlet (0 3@Da& InMmEpP2BIC)ialso di@ Deplit into multiple peaks but instead
shifted downfield slightly as the temperature was lowered. As the temperature is lowered, the water
peaks (U0 4. 85 D dt5mMM ad BHB°Cpspiftndownfield Quickly at the same rate
and overlap slightly withhe CH peak at 15°C. The backbone methylene peak broadens slightly
as the temperature is lowered.
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Figure 3.19. Variable temperature 'H NMRs for peptoid 3.5 The maj or peak (0
CDsOD at 5mM at 25°C) shifted downfield slightly as the temperature was increased (total of
0.12 ppm across the observed temperature range), while the minor peak shifted a total of 0.02 ppm
across the observed temperature range with the major peak at 35°C. Altheymgaks did not
coalesce, the #nrransvalues trended lower as the temperature was lowered.
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Figure 3.20. Variable temperature *H NMRs for peptoid 3.5a The backbone methylene proton
peaks (U0 4. 48 #Ddt5mMM a2 Z°Chatsaordidinot co@léce as the temperature
was raised. Both peaks shifted upfield as the temperature increased. The major peak broadened as
temperature was lowered.

Ksmransvalues are listed as NA because the water peak begins to overlap with the major peak at these temperatures
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Figure 3.21 Variable temperature tests of peptoid3.5a To determine whether the peaks would
coalesce at a higher temperature than 45 48, MMR was taken 08.5ain CDsCN at 5 mM at

35, 55, and 75 °C. There was no deteaedlescence at these temperatures in the backbone
methylene peaks (the acetyl €peaks are obscured by the residual solvent), though there is a
slight shift downfield as the temperature increases. The peaks also broaden andwthe K
increases as tgmarature does. The piperidine peaks do coalesce as the temperature increases.
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Figure 3.22 Variable temperature tests of peptoid3.5a Variable temperature NMRs were
collected in DMSG@d6 tomake Toetiicientplot. Acetyl CH peaks seem to coalesce at 55 °C, but
may just be crossing over as in §0D.
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Figure 3.23 Variable temperature tests of peptoid3.5a Variable temperature NMRs were
collected in DMS@d6 to make eficientplot. Backbone CHpeaks shift very slightly upfield
across the observed temperatures.
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3.6.4.2NOESY NMRs 0f3.4a, 3.5a, and3.7

Table 3.6. NOESY Parametetdor peptoids3.4a, 3.5a, and3.7

Spectral Width (ppm) nt ni (s) Mix time (s) d1 (s)
7.5 8 256 2 19
Hi Ho H20 He Hg |MeOH
¢ T gJ ¢ Ha
11 A ,JJL, Il L\ - _ J'.;\_
] ﬁ i 08l &
| ‘ «“M o
—lo ' ‘ I,&n“‘
oo [ .
- g :
i @ 00
t -
—l, = ¢ | O o
, ! "~
o 4 | :
:éi Cg { ‘
o e s e s e

2D NOESY (700DMHZ0

Figure 3.24. 2D NOESY NMR of peptoid.4a

H Positive crosspeaks are blue and negative are green. The acetyl/sidechain
Hy Hin Ph (H/H;) interaction [atomic distance of 3.18 A from crystalicture] is
j?LH boxed in red, and the acetyl/backbone methylengHg) interaction is
boxed in black [atomic distance of 4.32 A from crystal structure]. While still

H\N

detectable, the #Hp interaction is less intense than thgHfinteraction,

/WT T)k and also 13x dss intense than the necessaritys backbone
methylene/piperidinyl interaction giHc) boxed in blue [atomic distance of
2.03 A from crystal structure].

H;
H
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Figure 3.25. 2D NOESY NMR of peptoid.5a
H Positive crosgpeaks are blue and negative are green. The exptatesl
Fk Fm acetyl/sidechain Ph @H;) NOE [atomic distance of 3.14 A from crystal

H, structure] is boxed in red, and the small NOE between the acetyl/lmeckbo
NHy O methylene (HHy) interaction is boxed in black [atomic distance of 4.37 A

Ny /WT TA g from crystal structure]. While still detectable because the atomic distance
between the protons is within the upper limit detectable by NOESY and the
long parameters used obtaigi the NMR, the HHy interaction is less
intense than the #H; interaction, and also 8x less intense than the

necessarilgis backbone methylene/piperidinyl interactionu{) boxed in blue [atomic distance

of 2.19 A from crystal structure], suggestitgt there are weak NOEs between théslprotons

in thetransconformation as well. A positive crosspeak (boxed in purple) betwget khdicate

exchange between the two protons.

Boxed in green is an interaction between the acetyl and backbone methylene
protons in what we believe is tlees conformer (H /b b

NH O

N%'\O
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Figure 3.26. 2D NOESY NMR of peptoid.7
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Positive crosgpeaks are blue and negative are green. The exptatesl
acetyl/sidechain methylene and Ph/fi Ho#/Hn Ho/H;) NOEs are boxed in
red. The minor conformation acetyl peakafthas an interaction witthe

backbone methylene ¢H boxed i n bl ack
evidence that the minor peak corresponds taitheonformation.
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3.6.5Computational Studies

All computational studies were done with the Gaussian 20iplementation of B3LYP®Y
19 The structures 08.4a and3.5a were generated using the coordinates from their respective X
ray crystal structures, ar®d7 by editing the crystal structure 8f4a in GaussView. The geometry
of each structure was optimizedn t he gas phase using tight <con\
pruned ultrafine gr i-816(dpffibagistset. LAl dtructures were Yullywi t h
optimized and analytical frequency calculations were performed on all structures t® @itiser
a zerothorder or firstorder saddle point (a local minimum or transition state) was achieved. After
optimizing the geometry of each structur e, a
dihedral angle of each structure with 36 steps0dfdt the same level of theor$tructures from
the energy minima of each scan (¥ = ~0A and <
level of theory. For compour@l5ain thecisc onf or mati on (¥ = ~0A), fu
the G dihedral angle was done to further understand potential hydrogen bonding with the acetyl
carbonyl éeeFigure 3.6 in the main teXt A new energy minimum was found for tloes
conformer by running another r el axbhedlalgnged ent i a
with 36 steps of 10° at the same level of the&@wyergy calculations were done on optimized
structures from the energy minima of each scan (B3D8R6-31G(d,p)) to obtain the reported
®G values. Ener gi es-3WeG(2, pcbasls setidndiso iactlded/tha 08 t h e
version of Gri mmeds e m?P Reapartedachergids Wlilizesl rasalytcat c o r
frequencies and the zepwint corrections from the gas phase optimized geometries, along with
solvation corrections with ¢hPCM solvation corrections metidéh acetonitrile, as implemented
in Gaussian 16. Natural bond orbital analysis was performed with NB&%8 @eeFigure 3.7

in the main text).
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3.6.6 Xray Crystallographic Information

Table 37. Crystal data ash structure refinement of peptoi@stac and3.5ac

3.4a 3.5a 3.4b 3.5b 3.4c 3.5¢
Empirical
formula C16H21N302 C16H23N302 C17H23N303 C17H25N303 C17H20F3N302 C17H22F3N302
Fongl'fr‘] (‘gvl;a'ght 287.36 289.37 317.38 319.40 355.36 357.37
Crystal size 0.116 x 0.128 x 0.096 x 0.246 x 0.091 x0.119x 0.1664 x 0.198 x 0.033 x0.056 x 0.110 x 0.138 x
(mm3) 0.329 0.338 0.337 0.319 0.228 0.154
Crystal system monoclinic monoclinic Triclinic Triclinic _ Triclinic _ Monoclinic
Radiation Mo Kg( o Mo Kg( o CuKU, cu KU, Cu KU, Cu KU,
0.71073 A) 0.71073 A) 1.54178 A 1.54178 A 1.54178 A 1.54178 A
Tem‘(’gat“re 100(2) 100(2) 120(2) 298(2) 100(2) 100(2)
d range 200t026.02 2.20to 30.58 3.171t0 70.78 4.14 to 66.65 2.961t077.41 3.11to77.42
Space group P121l/cl P1211 P-1 P-1 P-1 P2i/c
Unit cell
dimensionsa (A) 5.0586(8) 6.0726(3) 5.0802(2) 8.9857(2) 5.10660(10) 6.1398(2)
b(A)  27.489(4) 9.9182(5) 11.6666(5) 10.0171(2) 10.9857(2) 9.9741(3)
c(A) 10.9711(17)  26.1540(12) 14.3550(6) 11.6679(2) 15.6081(3) 28.5440(9)
0e) 90 90 101.7036(13)  66.1920(10)  105.2980(10) 90
b()  90.664(4) 93.3620(15)  95.1179(12)  82.8390(10)  96.9290(10)  95.1500(10)
2(%) 90 90 08.2498(11)  66.4290(10)  91.0110(10) 90
Volume (A3) 1525.5(4) 1572.53(13) 818.32(6) 879.95(3) 837.29(3) 1740.95(9)
Z 4 4 2 2 2 4
De”?glgg)’ cr) 1.251 1.222 1.288 1.206 1.410 1.363
F (000) 616 624 340 344 372 752
Reflections 30759 27709 12430 23611 26360 40369
collected
Independent 3001 [R(int) = 9683 [R(int) = 2982 [R(int) = 3089 [R(int) = 3472 [R(int) = 3695 [R(int) =
reflections 0.0676] 0.0361] 0.0248] 0.0265] 0.0392] 0.0240]
Completeness 100.0% 99.9% 94.3% 99.5% 97.5 99.8%
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Table 3.7 (continued)

Datalrestraints/ 5,4 /5/191 9683/1/389 2982/0/210 3089/12/268  3472/0/227 3695/0/230
parameters
Max. 0.9900 0.9920 0.9370 0.8970 0.9680 0.9020
transmission
Minimum 0.9730 0.9730 0.7920 0.8130 0.8050 0.8670
transmission
GOOdO”neEEOf'f't 1.186 1.026 1.046 1.076 1.043 1.042
F'[‘al' R 'r;d'cezs’ RL=00754 R1=00419 R1=00414 R1=00691 R1=0.0368 RL1=0.0374
WR2=0.1741 wR2=0.0823 wR2=0.1061 WwR2=0.2121 WwR2=0.0938 WwR2 =0.0915
F'“gIIRng')CES R1=00964 R1=0.0569 R1=0.0447 R1=0.0775 R1=0.0424 R1=0.0383
WR2=0.1829 wWR2=0.0882 wR2=0.1091 WR2=0.2250 WR2=0.0984 WwR2 =0.0923
Le‘zrgzsnt ddggle 0.342 and 0.328 and 0.178 and 0.456 and 0.294 and 0.472 and
P (oA3) -0.359 -0.196 -0.267 -0.231 -0.279 -0.435
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CHAPTER 4: Continued work with N-imino and N-alkylamino glycines
Part of this work was published in the supplementary informati@hem. Sci2021, 12, 8401.

After the initial development dfl-imino andN-alkylamino glycine monomers for peptoid
synthesis! further testing and applications were pursued. The stability and diversity of these
monomers were probed along with some preliminary testing of new directions. Some shortcomings

of the monomers were detected as we moved further, but solutions poseio

4.1 Stability of N-imino glycines

Initial stability testing on th&l-imino glycine monomer included some testing of their ability
to withstand hydrolysis in acidic and neutral conditions. These tests were performed on trimers
without N-terminal protetton (Chapter 2, Figure 2.6. It was found that the aliphatN-imino
glycines tested had increased susceptibility to hydrolysis under these conditions compared to the
aromaticN-imino glycines, so increased care should be taken when purifying those saonple
theN-alkylamino glycine version should be used instead in the final product.

More testing was done on similar, acetylated substrates to test their ability to withstand
different nucleophiles and acids. First, the trimers were expossalutions of free cysteine or
lysine to test the stability of the imines under more physiological conditkigaré 4.1lab).
Nucleophilic amine and thiol functional groups may be able to attack and degrade the imine, thus
potentially causing a detrimert thetransinducing ability in vivo. In the test, 1.0 mM solutions
of lyophilized trimer4.1in pH 7 buffer was combined in a 1:1 ratio by volume with 1.0 mM
cysteine or lysine, also in pH 7 buffer. Over 100 hours, it was again seen that the alipllagsres
suffer 45 to 70% hydrolysis, which is similar to the results in pH 7 buffer alone. This means that
perhaps the amine and thiol side chains are not being more nucleophilic than water. Adematic
imino glycines did not see any degradation to the fnei@e@side chain under the same conditions.

Additionally, stability tests were done on the same acetylated trimer to compare the effect of
trifluoroacetic acid (TFA, pKa = 0.23) compared to formic acid (FA, pKa = 3.77) as the acid used
in the eluent, seem Figure 4.1c-d. During purifications with a PregPLC, 0.1% acid is typically
used as the eluent and then the purified sample is sitting in that 0.1% acid solution until the solvent
is removed and the sample lyophilized. It was thought that if the samples were puitifiez

weaker acid, then there would be less risk of hydrolysis while the sample is in the 0.1% acid
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solution as the imine nitrogen may be less likely to be protonated. The tests were done by
dissolving acetylated trimet.1in 0.1% acid in 1:1 MeCN:(O ard testing them on the L®IS

every two hours for eight hours (simulating leaving the samples in purification eluent for a day).
The FA tests resulted in much slower hydrolysis of the imine, with even the most susceptible
isobutyraldehydeN-imino glycine ony reaching 25% hydrolysis over 8 hours compared to over
50% when TFA is the acid used. Compared to the TFA tests on a trimer with an unprdtected
terminus inFigure 2.6 (Chapter 2), we do begin to see hydrolysis of the samples with aromatic
N-imino glycines. Thep-(trifluoromethyl)benzaldehyddl-imino glycine still has no hydrolysis

after 8 hours with FA, but there is an appearance of the hydrolyzed product after 8 hours in TFA.
The p-methoxybenzaldehyde version has low hydrolysis in FA, but a imecéagd occurrence

in TFA. This could be because now that Nierminus is protected, the imine nitrogen is now
moresusceptible to protonation (i.e. there is no longer any competition).

Ph Ph Ph Ph
H o H o Conditions ’) o ’) o
A,B,C,orD
\n/N N/\IrN\)LNH24> \[rN\)LN/\[rN\)LNHz
N O
7

o] ’ o} NH, O

R 4.1 4.2
a:R=}—®>OMe b:R = @CF3 c:R= z—< d:R= ;—<:>
1
B

A 100 00
o 80 o 80
2 2
S 60 S 60
S S
2 40 Z 40
8 =S
20 20
0 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
time (h) time (h)
C 100 D 100
o 80 w 80
2 2
S 60 o S 60
° o o
=S o =S
20 ym", 0g o —o—O—®
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Figure 4.1 Stability studies in al:1 1 mM4.2: 1 mM Cys,b) 1:1 1 mM4.1: 1 mM Lys, c) 0.1% TFA, and d) 0.1% F86
Hydrolysis was determined by integrating tHe-MS peak areas fot.1and4.2at 214 nm. The gray curve overlays with tt
blue curve and is not visiblinstudies A or B
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Along with nucleophilic and acidic conditions, it was a concern that heating owbi@sial
peptoids containingN-imino glycineswas causing degradation. Heating a displacement reaction
is required in some cases ($&feapters 2and5), but with this experiment it could be determined
if heat was causing any other problems on the side. To test this,4tBmes heated in a sonicato
at 60°C to determine if there was any effect on theNviumino glycines present. After 16 hours
at 60°C in either A) DMF or B) DMF with aqueous trimethylamine as a nucleophile, there was no
degradation to th&imer compared to LEMS chromatogrars taken before the experiment (see

experimental details). Only produtttwas detected for both conditions.

Ph Ph A.DMF, 60°C, 16 h Ph Ph Ph Ph
H 0 H 0 95:5 TFA:H,0 H 0 H 0 H % H 0
HN%NWN\)LNO or 10 min HN\)LN/YN\)kNHZ HN\)kN/WN\)kNHZ
(N H - B.taq NH, O N O
= trimethylamine:DMF -
Ph 60°C, 16 h Ph
4.3 4.4 4.5

Schemed.1 Exposing resirbound trimer4.3to either heated conditions only or heated conditions with a nucleophile to ¢
causes any degradation to the imine.

It can be concluded that the imine moiety is susceptible to acidic aqueous conditions, especially
the aliphatic residues tested. Acatybn of theN-terminus also seems to increase the susceptibility
to hydrolysis in acidic conditions compared to theagptylated version i€@hapter 2. Overall, a
switch to formic acid for HPLC purifications and only utilizing aliphatic hydrazones ahl-the
alkylamino monomer versions could be the best mode of action. Additionally, heating the resin
bound peptoids to 60°C did not have any effect omNtiraino glycines, so steps that require heat

should not be a problem with degrading Mamino glycines noving forward.

4.2 Hydrazone exchange

In Chapter 2, a 15mer sequence containing five differéilkylamino glycine monomers is
highlighted (compoun@.42. There had previously been difficulties with identifying Nvémino
glycine version of the same pejdp and eventually the cleavage and sample preparation
conditions had to optimized to using new cleavage conditions (Cleavade 46:5:50
TFA:TIPSCHCI> for 10 minutes). Overall, thi-imino glycine version of the peptoid was still
messier than thi-alkylamino version and had more unidentified peaks. It was thought that maybe
it was because of the presence or position of the aliphatic monomer, as it has been shown that the
aliphatic residues can be problematic and susceptible to hydrolysis from vatsas ednen left

in theN-imino glycine form. Because of this, new sequences were designed with varying order of
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N-imino glycine residues anmdadeon the automated synthesizer. Additionally, it was decided to
only include a single aliphatid-imino glycine nstead of two, so only cyclohexylcarboxaldehyde
hyrdrazone was used as a submonomer as it is more stable. The plan was to synthesize the peptoids
in smaller segments in order to not leave hydrazone solutions for too long at room temperature.
The émer, 12mer, and 15ner stages were all planned stopping points for the synthesis.

The first segment of synthesis was femérs that contain two differeM-imino glycines
sandwiched betweeNme monomers (made with-rRethoxyethylamine as the submonomer)
which can be seen as compound$ad. When the samples were acetylated and test cleaved
(Cleavage A 95:5 TFA:HO for 10 minutes) afteautomatedynthesis to confirrtheir identities
before continuing to the 1@er, there was three major peaks detected for eactr@t 214 nm
on the LGMS. At first, it was assumed that there was some sort of truncation during the synthesis,
perhaps that a hydrazone displacement did not go to coomplddowever, upon further
investigation, it was found that there were no truncations, but rather what seemed to be an imine
exchange occurring. The major product was typically the desired mass with two diffeéneinb
glycines (i.e. Rand R were both pesent4.7ad) but the other two peaks containedhérs with
both hydrazone side chains containingoRboth hydrazone side chains containing48ad and
4.9ad, respectively). This finding indicates that the issue with detectingelr2.42is likely that
during the cleavage, themasan exchange between the five differBhimino glycines, giving a
possible total of 27 products.

Entries 14 in Table 4.1include the initial product ratios between the desired protliiand
exchange product.8 and4.9. Entries 24 showed all had 50% desired product, whereas entry 1
actually has 50% of byprodu¢i9a This indicates that the aliphati¢ R hexameais particularly
susceptible to hydrolysis and tpeolualdehyde condenses more readily with the &mee after
displacement. Switching the cleavage cocktail to Cleavage C (45:5:50 TFA:TIF3:CH) min)
and changing the eluting solvents to have 0.1% FA instead of 0.1% TFA (erBjescseased
the crude purity the desired proddc? by about 10% féer the cleavage of-fers4.6aandc, by
about 20% fo#.6d, and by about 30% fat.6b.

Being able to control the exchange using pH would be interesting, so it was attempted to
change the pH conditions from acidic to neutral (entri@®)9 Dissolving he samples in pH 7

buffer had a similar effect as changing the eluent conditions to FA for all samples, which indicates
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Table 4.1 Detection of mixtures of products after standard peptoid cleavage when two diMeraimo glycines are prese
R OMe OMe

SASE 0SS oy

/JR1 HOMe OMe H H r/

o N o o o Cleavage OMe OMe R,
U conditions »
XNWNJKNWN&NWNQ%O . 4.72-d
o H o) N0 R, OMe OMe R, OMe OMe
OMe OMe er Q ITI/J 0 H 0 H o 0 r‘v/) 0 H o H o
4ba AN/YN&N/WN&N/WN&NHZ ANWNﬁNWNﬁw/}rN&NHZ
g ) H 0 r/N 0 H 0 H 0 r/N )
OMe OMe R4 OMe OMe Ry
4.8a-d 4.9a-d

Product Ratios

Entry Sample Cleavage Conditions Column Conditions 47 48 4.9
1 A 95:5 TFA:RO, 10 min 0.1% TFA 41 9 50
2 B 95:5 TFA:RO, 10 min 0.1% TFA 47 11 42
3 C 95:5 TFA:RO, 10 min 0.1% TFA 51 13 36
4 D 95:5 TFA:RO, 10 min 0.1% TFA 52 19 29
5 A 45:5:50 TFA:TIPS:CELCl2, 10 min 0.1% FA 54 12 34
6 B 45:5:50 TFA:TIPS:CELCl2, 10 min 0.1% FA 79 5 16
7 C 45:5:50 TFA:TIPS:CELCl2, 10 min 0.1% FA 61 10 29
8 D 45:5:50 TFA:TIPS:CELCl2, 10 min 0.1% FA 74 15 11
9 A 45:5:50 TFA:TIPS:CELCl2, 10 min pH 7,0.1% TFA 56 11 33
10 B 45:5:50 TFA:TIPS:CELCl2, 10min pH 7,0.1% TFA 78 7 15
11 C 45:5:50 TFA:TIPS:CELCl2, 10 min pH 7,0.1% TFA 66 10 24
12 [p) 45550 TEA TIPS ChC 10 min nH 7 0104 TFA 76 12 12

that the exchange may be highly sensitive to the cleavage conditions. It seems like the cleavage
conditions rather than the eluent are more important in determining the overall product ratio for
all four 6mers, so even if there was slight exchange dutiegcolumn run, the exchange could

likely be mostly avoided on the HPLC column if 0.1% FA is used instead of 0.1% TFA.

Overall, the imine exchange with thé-imino glycines should be kept in mind when
synthesizing compounds with varying hydrazone submonomers. Using Cleavage C can greatly
reduce the exchange, but not completely. To avoid the exchange altogether, the samples should be
cleaved with Cleavage B (B TFA:TES for 2 hours), or reduced to tRealkylamino form with
AcOH and NaBHCN before cleavage from the resin with Cleavage A. Conditions to alter the
ratios of products could be developed to utilize the imine exchange effect in a positive way. This
exchange could also be useful in synthesizing three differerér8 at once, as long as the samples

do not reequilibrate after purification.
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4.3Fmoc-protected peptoid monomers
4.3.1 Solution phase monomer synthesis

As the issue with thB-imino glycine imine exchange has been elucidated, it was thought that
it would be a good option to synthesize fluorenylmethyloxycarbonyl (FHm@tgctedN-imino
andN-alkylamino glycine monomers and do monorbased synthesis rather than submonomer
synthesis. This would allow for the installation Kfalkylamino glycines directly without having
to worry about exchange during cleavage or having to use special cleavage conditions.
Additionally, with monomer addition, it would be possible to include kbgtimino andN-
alkylamino glycines in the same oligomer if it were so desired. The synthetic steps are similar to
the monomers synthesizedScheme 3.1n Chapter 3 with piperidinyl C-terminal and acety\-
terminal capping groups as they both follow a submuerosynthesis method. In this case, the
final product will have a fre€-terminus and th&l-terminus will be Fmoc protecteddmpounds
4.14aand 4.159. With these monomers, Fmoc monomer peptide synthesis methods will be

utilized instead of the submononmaethod to add them to the resin.

A. Ar

N A Ar Ar
HNT S0 ) P /
(1.1 equiv) Z . N o
o . N~ O Fmoc-Cl (1.06 equiv) N O 9:1 v/v TFA:CH,Cl, J
or J< DIEA (1.1 equiv) iy L - n L _— Fmoc/N\)kOH
0 DMF, 0°C to 1t OtBu K2083 (%03 equiv) Fmoc OBu 2
: Dry CH,Cl 4.14a: 907
410 overnight 4.11a: 54% M 4.12a: 75% 0%
- 4.11b: 45% 4.12b: 12-72%
Ar Ar
1. AcOH (3 equiv) J
NaBH,CN (10 equiv) HNT O 9:1 viv TFA:CH,Cl, HN™ O
THF, 3h /Nﬂ S U—— /N%
_ > Fmoc OtBu oh Fmoc OH
2. EtOH reflux
: 4.13a: 68Y : 939
Eao ref a: 68% 4.15a: 93%

a: Ar = Ph, b: Ar = p-Br-Ph

B. Ph Ph
Boc protection BOC\N) o Boc\N o
methods ’\‘l\)k 95:5 TFA:H,0 l\‘l\)k
4132 -ooooeooeeoes ~  Fmoc” OtBu 72”h 777777777 > Fmoc” OH
4.16 417

Schemed.2 a) General synthesis scheme of Fmoc protected monefrietand4.15 b) Proposedynthesis of Boc protected
monomer4.17.

The synthesis of these monom&rsScheme 4.2aegins with an & displacement of the
bromine ontert-butyl bromoacetate4(10 with either benzaldehyde hydrazona) (or p-
bromobenzaldehyde hydrazong.(A small optimizatbn of this step withb can be seen imable
4.2 starting with displacement conditions frd@hapter 2 as well as conditions from a similar
paper? Switching solvent, base, and workup conditions allowed for an increase to 45% yield, and

the sample wathen Fmoc protected inspired by literature procedurdtial attempts with an
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Fmoc protection of.11bwas also difficult (resulting in a 12% yield). It was initially thought that
the electrorwithdrawing character of the-bromobenzaldehyde hydrazonacreasd the
difficulty of the displacement stegnd subsequent Fmoc protection.

After the difficulty with p-bromobenzaldehydeat was decided to move forward with the
unsubstituted hydrazoreeusing the methods from entry 3 as a new starting point #iegeare
the only conditions to provide product with hydrazénéfter the displacement with to form
4.113 (54% yield) the terminus is Fmoc protected inspired by a literature proéénltoem4.12a
(75% yield), and then theert-butyl ester is depretted with a 90% TFA solution to forth14a
(90% vyield). Overall, the displacemanith hydrazonea was more straightforward.

To achieve théN-alkylamino monome#.15g a reduction step to fordh13a(72% yield)is
added to the synthesis before thd-butyl ester deprotection step (93% yield). After installation
on solid supportyide infra), it was decided that the uncertainty of where the next coupling was
occurring requires Boprotection of the side chairS¢heme 4.2h This step is still being
optimized with the assistance of a fiygar graduate student. Our initial attempts have not yet
yielded product.17.

Upon revisiting this reaction from.11bto 4.12h it was determined that a filtration step is
required to remove insoluble byproducts of the reaction and allow for more straightforward
purification. With this, an increase t@2% vyield was achieved. Reduction ardrt-butyl

deprotection steps have not yet been performed on this substrate.
Table 4.2 Conditions attempted to perform bromide displacement wiitbomobenzaldehyde hydrazone tonfict.11b

Scale Equiv. Equiv. Time 4.11b

Ealy] (mmol) sl hydrazone e base (h) bier g Yield

1 25 Dry THF 2.0 TEA 2.0 19 Filter <1%

22 1.25 Dry THF 2.0 TEA 2.0 48 Filter <1%

3 4.0 DMF 1.1 DIEA 1.1 21 Aqueous 45%
wash

#Hydrazoneused is purified material from the column run after entry 1.

4.3.2 Installation of Fmoc-protected peptoid monomers on solid support.

Monomers4.14a and 4.15a were both white @dids that could beusedin Fmoc peptoid
synthesis, mimicking methods used in Fmoc peptide synthesis. Fmoc synthesis of peptides consists
of two repeated steps in which the Fmoc group is removed frod-tBeaminus using piperidine,
and then the freBl-terminus is reacted with the subsequent Hmatected amino acid or other
monomer in the presence of base (diisopropylethylamine, DIEA) and an activator (such as
N, N, NfejaniethylO-(1H-benzotriazoll-yl)uranium hexafluorophosphate, or HBTU).
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The sare reaction conditions for an Fmpcotected amino acid are used her&ameme 4.3
in concert with standard submonomer methods to installNgpe monomer in the sandwich
sequence. The synthesis4fi9and4.20 using4.14aresulted in 91% and 59% crude pies,
respectively. The pentamer crude purity is almost identical to the crude purity of the same
compound made using the submonomer method (see compeliim Scheme 2.1

1.4.14a or 4.15a (3 equiv) Ph ) Ph
HBTU (3 equiv) SPL 1.0.6 M BrAc in DMF g\N/HO
H DIEA (6 equiv) "“\i H 2D5IC nea: H \ -
DMF, 1 h, rt HN N min, r
" Q r ) G
S © 2. 20% piperidine 2x S (o} 2. |13|’\5/||2A 12—Ehr9{nylethylamine S (0] S o

5and 15 min, rt ) )

Ph Ph 3. 95:5 TFA:H,0, 10 min Ph " Ph

4.18 . . . 4.19 = imino when n = 1 91%

repeat until desired length is reached 4.20 = imino when n = 2 59%

4.21 = alkylamino whenn=1 70% + 23%
4.22 = alkylamino when n =2 59% + 14%

Schemed.3 Solid-phasg-mocmonomermeptoid synthesis methad form peptoidgt.194.22

When4.15ais used as the monomer in solid phase synthesis to reach the trimer stage, two
peaks withdentical masses correspondingit@lappear at 214 nm in the EKZS chromatogram
in a 24:76 ratio and the crude purity of the two peaks added together is 93%. Upon further
investigation, the less hydrophobic peak at 8.8 minutes (24%) only has Tdrd][M+23]
adducts present. The more hydrophobic peak at 9.2 minutes (76%) has the same adducts detected
as the first peak, along with [2M+1]a multimer of the desired magss seen irScheme 4.4t is
possible that the two peaks with the same maseanaring because the bromoacetylation after
the addition of4.15acould be occurring at two different positions within the dimer sequence:
either on the backbon@orming 4.21 after subsequent amine displacemeamnt)within the side
chain (forming 4.23 after subsequent amine displacemefit)ere is a possibility for hydrogen
bonding between botiNH moieties and the preceding carbonyl oxygsea it cannot yet be
determined which is the major product, or if there is simply a detection of two isdrhermas
corresponding to both positions being bromoacetylated and subsequently displaced with 2

phenylethylamine4.24) is not detected.

Ph

Ph Ph HNJ/
1.0.6 M BrAc in DMF o,
NH o H DIC, neat NH o] H [e] H [e] H o o
HN N 25 min, rt N NH N N NH .
JLN/W O e HNW \)LN/\W S JLN JLN/Y 2 Ph/\/NQLN N\)LN/}(NHZ
[e] 2. 1.5 M 2-phenylethylamine o o ) o ) o
DMF, 1 h, rt Ph Ph
Ph 3. 95:5 TFA:H,0, 10 min Ph Ph Ph Ph
4.15 4.21 4.23 4.24

Scheme4.4. Potential byproducts if the secondary amine position irNtadkylamino glycine is bromoacetylated instead o
desired backbone secondary améh@39 or if the bromoacetylation/displacement occurs at both secondary amine po4idn
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Though it seems like there are some potential issues with using the unprotected monomer
4.153 it was decided to continue rayesis fromd.21to 4.22to determine if there would be a
larger mix of productsThe overalichromatogranis still relatively clean and still has two peaks
that correspond to the desired [M+*hjass. The total crude purity of the two peaks is 73% at this
point. As discussed, miimization of the side chaifNH Boc protection to forntcompound4.17
would be imperative to determimehich product is the majority product.

Further optimization of the monomer synthesis would be helpful to expand the side chain
diversity available with this method, especially talkylamino version. It would be especially
useful to have a method to installstalkylamino glycine directly with a broader scope, compared
to the reported synthesis of horaligomers made with onlj-methylamino glycines reported by
Pypec et at.

4.4New hydrazone submonomers
4.4.1 Aliphatic submonomer synthesis for incorporation into peptoid oligomers in solution
and on solid support

Aliphatic hydrazones have been shown to have more difficult synthesis and incorporation onto
solid support than their aromatic counterparts, as discus$&uhjter 2 and in sectior.1 Once
installed on solid support, they are more susceptible to hygisdlya range of conditions, though
if they are cleaved to tHé¢-alkylamino version this is not expected to occur.

It was decided to explore the effect of these aliphatic side chains onidhefalues of the
N-imino andN-alkylamino glycine family It is expected that the compounds will still tbens
inducing because of the lone pline pair repulsion between the side chain nitrogen and the
carbonyl oxygen. However, it is hypothesized that since the aliphatic side chains lack the electron
densiy of their aromatic counterparts that they may not be able to promote this in the same way.
Additionally, the varying side chains may have different packing in aayXcrystal structure
compared to the aromatic monomers that were synthesiZelhipter 3.

The submonomers explored here are isobutyraldehyde hydrazone, cyclohexanecarbox
aldehyde hydrazone, and cyclohexylmethylketone hydrazone. Isobutyraldehyde hydrazone and
cyclohexanecarboxaldehyde hydrazone were synthesiz€hapter 2 and installed on dial
support, but this is the first time we have attempted to synthesize cyclohexylmethylketone

hydrazone4.26m (Scheme 4.h It is expected that the ketimine will be more stable than the
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o 1) NoHyzeH50 (1.6 equiv) HZN‘N
AcOH |
O)J\ Reflux at 72°C in THF
overnight
4.25 2) Ag. workup 4.26m

Scheme4.5 Procedure for the synthesis&p6m.
aldimines, but still provide the same aliphatic character. The synthesis was different than the other
syntheses for hydrazones to account for the increased bulkiness of the ketone iasgiveasby

the synthesis of cyclopropylmethylketone hydrazone in previous literaltmis. is also the first

time that a ketone hydrazone has been synthesized in our hands, though commercially available
benzophenone hydrazone has been used in the past. &l the aliphatic submonomers were
synthesized, they were for the first time used as submonomers in a similar fashion to the aromatic
hydrazones irChapter 3 (Scheme 4.5 The displacement steps were a little more challenging

here in terms of stability of the submonomer.

N R
i HN" N R 0 R
Br
Br . 426 x K K Ao
TEA CHCl, | g L TEA, THF v TEA, CH,Cl v
HN 78 N e N - Ny N
78°Ctort, 0°Ctort CH,Cly, 0°C to rt
15 min 2h 30 min @)
4.27 4.28 4.29a-c 4.30a-c
R
1.ACOH, NaBH,CN |
THF, 3h X" NH O
R
2. EtOH reflux WN\)kN aR= b:R= c:R=
85°C, 2 h
° X=H X=H X = Me

4.31a-c
Schemed.6. Solution phase synthesis scheme of compodt&Bac and4.31ac.

With compound4.303 the synthesis was handled slightly differently than when aromatic
submonomers are used. Because of the increased volatility of isobutyraldehyde hydrazone, it was
hypothesized that excess hydrazone may be able to be evaporated afterwards rather than doing
full purification with the unprotected aliphatic terminus. In preparation for this, compt@®@d
was purified to achieve a 98% yield. A purification is not normally done at this point and the
bromoacetylated piperidine is normally carried forward cridi@vever, the plan to evaporate
excess isobutyraldehyde hydrazone did not work as well as it was originally thought that it would,
so 4.29awas also purified to give only a 25% yield. This is comparable to the yield phen
methoxybenzaldehyde was used the submonomer. Both are lower than the yields with
benzaldehyde hydrazone ar@(trifluoromethyl)benzaldehyde hydrazone are used as the

submonomer (64% and 52% vyields, respectively). It is thought that Ma3®&is more likely to
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degrade on the columithe following acetylation step to achie¢e80aalso had a lowethan

normal yield after purification (42% compared to ~80% vyields for acetylations of aromatic
compounds). At this point, acKwansvalue was able to be calculated for a 100 mM sample in
CDCls using the integrations from thel NMR. The Kiswansvalue between the two acetyl peaks

is calculated to be 0.04, which is just as stroniginsinducing as aromatic residues. 2D NMR

have not been taken yet to confirm the identity ofth&lMR peaks but based on the rules learned

from the aromatic monomers, the shifts make sense so far. Some material was carried forward to
the reduction step to for#.313 but the purification did not go well enough to provide enough
material for NMR yet.

Switching the submonomer to cylohexylcarboxaldehyde hydrazone was expected to have
increased stability compared to the isobutyraldehyde hydrazone based on previous stability
experiments. In this case, compouh@d8was not purified but instead carried forward agle to
do the cyclohexylcarboxaldehyde hydrazone displacement, resulting in an 18% vyield over two
steps to achievd.29h This is again lower compared to the aromatic residueShapter 2.
However, the acetylation step ended up going much better thanthét isobutyraldehyde
hydrazone, giving a 64% yield. Theitansvalue of4.30bwas calculated to be 0.13, which is still
stronglytransinducing but still higher than that of the isobutyraldehyde monaghBf&ra Some
material was carried forward to theduction step to forrd.31h but the purification did not go
well enough to provide enough material for NMR yet.

Cyclohexylmethylketone hydrazode26mwas installed on solid support and in solution in
parallel. In solution, the displacement was simitathat of the other two aliphatic hydrazones.

The acetylation step seemed to be the failure point in this synthesis, though the NNRoof

showed that it stayed relatively stahie the refrigeratorover the course of 9 days without
acetylation or otheprotection.There was some change in the aliphatic protons from.2.ppm

in terms of intensity and shifts of the sharper peakeKigure 4.6 in the experimental section).

When the synthesis was attempted again, a 24% vyield over two steps was achieved for compound
4.29c¢,which is comparable to the yields #29aand4.29h In this case the scale was doubled to

have a little more material to work with, andrude NMR wasdken after the acetylation st&p

form430c The crude NMR didnét seem very promi sin

be utilized to acetylate or otherwise protect the cyclohexylmethylketone hyrazone mdiiz@aer
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The installation of the cyclaxylmethylketone hydrazone submonomer on solid support had
its difficulties as well. When utilized in a sandwich sequence trimer Mpth, a large peak with
the 630.5 m/z detection in the MS portion of the-MS chromatogramThis indicates that the
agueos workup following the synthesis also was not enough to remove impurities, similar to other
hydrazones inChapter 2. Regardless of the major byproduct, it was found that when using
Cleavage B, the imine could be successfully reduced and the desired pretettd. However,
when Cleavage A is used, the desired product was not detected, only the hydrolyzdd3Bhass
among the 630.5 byproduct and other byproducts. Unsure with what was occurring here, different
displacement conditions were tested to try atelrc up thechromatogram(Table 4.3.
Unfortunately, varying the concentration of the hydrazone and the reaction time and temperatures
did not seem to have a huge effect on what was occurring, and the desired product was still not
detected using Cleavage i entries 2 and 10, Cleavage B was used and the desired reduced
trimer was detecteals the major produatstead of the hydrolyzed mass. This is surprising because
it would be expected for the ketimine submonomer to be more stable to nucleophilidratack
the aldimine submonomers. Overall, the effort to find a more stable aliphetizo glycine has

not yet been fruitful but could require further optimization or the utilization of a different ketone.

Table 4.3 Optimization of cyclohexylmethylketone hydrazone displacement on solid support.

1. 0.6 M BrAc in DMF N o 1.0.6 M BrAc in DMF L 'Ho NHL O
DIC,.neat = \ H DIC,lneat \ITJ’ NHa
a1 25 min, rt HN\)LN/WN\O - j55r:/||n2, rth — HN/WN\)LN/YNHZ HN/}O}/N\)LN/\(ID(NHZ
2.1.5M 4.26 (0] -1 -phenylethylamine (0] (o]
DI?/IF, 1 h,:? H DMF, 1 f? rt v H H H H
Ph 3. 95:5 TFA:H,0, 10 min Ph Ph Ph Ph
4.32 4.33: N-imino 4.35
4.34: N-alkylamino
Displacement conditions Crude purities
Entr i
y Concentration Temp())erature Time (h) 4.33 434 435 630.5
M) (°C)
1 1.5 rt 1 0 - 41 39
22 1.5 rt 1 0 45 10 31
3 1.5 rt 2 0 - 43 37
4 1.5 60 1 0 - 41 39
5 1.5 60 2 0 - 39 37
6 3.0 rt 1 0 - 48 35
7 3.0 rt 2 0 - 49 33
8 3.0 60 1 0 - 44 33
9 3.0 60 2 0 - 40 36
1 3.0 60 2 0 43 13 26

aCleavage done with 95:5 TFA:TES for 2 h

104



4.4.2 Amino acid mimic submonomer synthesis for incorporation into peptoid oligomers
on solid support.

Along with aliphatic hydrazone suluimomers, it was desired to expand the types of
hydrazones submonomers available to include mimics of canonical amino acids. Benzaldehyde
hydrazone mimics phenylalanine, and isobutyraldehyde hydrazone (discussed in the previous
section) mimics leucine. Taifther expand the toolbox, tyrosine, histidine, and tryptophan mimics
were synthesized using commercially available aldehydes as starting material.

The tyrosine mimic as a side chain orlNamino glycine has been attempted with two different
methods. Initially, atert-butyl dimethylsilyl protected aldehyde was utilized in the exchange
method discussed i@hapter 2, but thetert-butyl dimethylsilyl dgrotection was difficult after
the hydrazone submonomer was installed on solid support. The deprotection could not be
completed following standard conditions or the specific conditions reported by Lubefifet al.
deprotection onresin. It was decidedwatch the protecting group to a simpliert-butyl protected
aldehyde as well as the method of synthesis. F{ierébutoxy)benzaldehyde was reacted with
hydrazine monohydrate following Procedur&thieme 4.7asee more details @hapter 2). This
subnonomer was successfully installed on solid support Mpe trimer sandwich sequences
following standard coupling conditions and thext-butyl deprotection was successful using
Cleavage A $cheme 4.7h With TES as scavengdCleavage B) full conversionto the N-

alkylamino version was detected with ftért-butyl deprotection as well.

A.

[o}

HJKQ
L IN
OtBu thenrt, 30 min
4.36n

HoN—NH, * H,0
(8 equiv)

EtOH, 0°C,2h N
— HoN

OtBu

OtBu
gl

4.26n

OH

SN O

OtBu 95:5 TFAH,0, 10 min HN/YN%N/WNHZ
R
B. \ ° \ )
1.0.6 M BrAc in DMF 1.0.6 M BrAc in DMF Ph Ph
DIC, neat \y‘qﬂ H DIC, neat NN o 4.39n: 84%
25 min, rt HN N 25 min, rt | H
4.18 _— N/\[’r \O _— HN/YN%N/\(N\O — OH
2.1.5M4.26n [e] 2. 1.5 M 2-phenylethylamine o )
DMF, 1 h, rt DMF, 1 h, rt
Ph Ph Ph
4.37n 4.38n
—— NH O
)
95:5 TFA:TES, 2 h N NH
JPNS I
H o [¢]

Ph Ph
4.40n: 79%

Scheme4.7. A) Synthesis of hydrazor®.26n B) Incorporationof hydrazone4.26ninto sandwich sequence trimers on s
support.

Tryptophan and histidine mimic hydrazone synthesis required the use of Proce8aheihé

4.8a,see more details @hapter 2) as the aldehydes were difficult to dissoin ethanol at room
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temperature. Trp mimic hydrazone was made utengoutyl 3-formyl-1H-indole-1-carboxylate

and the His mimic hydrazone was made usiAfyityl-1H-imidazole4-carboxaldehydeAfter
synthesis, each hydrazone was used as a submonomer to make two different ahglegsroér
sandwich sequenek38 on solid support. Heated displacements were done with 1.5 M hydrazone
solutions made with 1.0 M KI in DMF following arhinute habacetylation with chloroacetic acid

and DIC. The followingNpe residue was installed following the same conditighs95:5
TFA:TIPS cleavage cocktail for 10 minutes (Cleavage C) was used for these trimers because the
Boc and Trityl protecting groups on thgdrazones require a stronger scavenger than water. Like
other nitrogercontaining heterocyclic hydrazones@hapter 2, the imine bond is not reduced

using Cleavage B for these two compounds 4.40is not detected for either hydrazone type).

o (2 equiv)
)k EtOH, 85 °C reflux, 2 h

R H
436 then rt, 30 min 4.26

o =
4.260:R = ~ N 4.26p: R &K\N
N/
)
@ X
Sy
R

N
HN N R

(o}

)
N NH.
R 95:5 TFA:TIPS, 10 min HN/W %N/ﬁf 2
B. 1.0.6 M ClAc in DMF § 1.0.6 M ClAc in DMF L o . o o
DIC, neat SN o DIC, neat SN o
Smint IR Sminrt PPN o Ph
min, rt min,
4.18 - N/W \O > HN/W N/W \O 4.390-p
2.1.5 M 4.260 or 4.26p H o 2.1.5 M 2-phenylethylamine \ o H o
1.0 M Kl in DMF oh 1.0 M Kl in DMF o oh - . X
1h,60°C 1h, 60°C 95:5 TFA:TES, 2 h NH O
4.370-p 4.380-p N "
L G

\ ° H °
Ph Ph
NH
o:X= /%HQ piX= ;—({\‘; 4.400-p

4.39: 45% 4.39: 72%
4.40: <1% 4.40: <1%

Scheme 4.8A) Synthesis of hydmone4.26cp. B) Incorporationof hydrazonet.26cp into sandwich sequence trimers on s
support.

With the Trpmimic hydrazone sandwich sequence synthesis specifically, dimer byproduct
4.370(not bound to resin) made up about 34% of the crude purity. Since th&lfi@eahonomer
was not coupled on correctly but there is no chloracetylated product detected,itaitesthat it
is difficult to haloacetylate the secondary amine once installed. Being able to4d8#xnd no
hydrolyzed dimer though there is Brimino glycine on théN-terminus also indicates that the Trp
mimic has increased stability compared tiseoN-imino glycines. Some troubleshooting with the
haloacetylation step was attempted, including 1) trying therfiveite chloroacetylation twice
and 2) leaving the chloroacetylation for 25 minutes instead of 5 minutes. Both attempts resulted in
about he same outcome as the original singlaiBute haloacetylation. Further exploration would

be required to increase the overall yields of sequences containing this monomer.
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Expanding the toolbox dfl-imino andN-alkylamino glycines to contain amino adiéte side
chains is expected to change the way that peptoids can be used in direct peptide mimicry. No other
structureinducing residues currently have the side chain diversity that is availdiertimo and
N-alkylamino glycines. While we currently haveetability to mimic five amino acids (along with
several other aromatic, aliphatic and heterocyclic side chains), development of more mimics will
be developed in due course.

4.5 Accessing secondary and higher order structures witN-imino and N-alkylamino glycine
monomers
4.5.1 Preliminary work with dimer sequences

Longer peptoid sequences can be synthesized in solution to discover any secondary structures
promoted whenN-imino and N-alkylamino glycine monomers are included in the primary
sequenceElongation in solution simply requires repeating the bromoacetylation and displacement
steps fromScheme 3.1n Chapter 3 until the desired length is reached, and then performing the
acetylation. Some longer oligomers have undergone limited conformatioabisis to obtain
preliminary data. This is an ongoing part of the project being carried out in the lab.

The first dimer of inerest with our study is the patterning of Myalkylamino glycine with the
transinducingN-O-benzyl glycing(see synthesis i8cheme 4.3 It was expected to achieve an
interesting hydrogen bonding network when these two monomers are adjacent, s the
alkylamino glycine has a hydrogen bond donor and\H@&benzyl glycine has a hydrogen bond

acceptor. Bothtrans inducing residues would bexpected to promote a shdike secondary

Scheme 8 Planned synthesis of dimetsi4and4.45.
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