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Sulfur-based reactivity and peptide macrocyclization provide complementary
opportunities for controlling molecular structure and function. In this work, we report a unified
investigation spanning electrophilic aromatic sulfenylation, regioselective Lewis base catalysis,
and the development of a tryptophan-directed peptide stapling platform. We first describe a mild
and general Lewis Base/Bronsted acid system that promotes rapid C—H sulfenylation of arenes

using N-thiosuccinimide reagents. Kinetic analysis reveals that electron-rich sulfide products
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enable autocatalysis, whereas electron-poor systems require exogenous Lewis base catalysis.
These findings inform the design of chiral indane-derived selenide catalysts that overcome innate
para preference and deliver enhanced ortho selectivity, establishing that C—S bond formation can
be directed through rational Lewis base tuning. Building on this mechanistic foundation, we next
explore the unique chemical behavior of tryptophan, an electronically rich, structurally
privileged, and interface-enriched amino acid, as a site-selective anchor for biomolecular
modification. Leveraging its inherent C2 nucleophilicity, we introduce a metal-free Lewis
base/Bronsted acid-catalyzed tryptophan sulfenylation strategy using PEG-based N-
thiosuccinimide linkers to achieve i,i+4 macrocyclization. This Trp—Trp stapling platform
exhibits broad compatibility, preserves native cysteine and lysine residues, and effectively
stabilizes a-helical structure across both established and unexplored peptide—protein interaction
targets. Together, these studies provide new insights into electrophilic sulfenylation mechanisms,
regioselective Lewis base catalysis, and the underused potential of tryptophan as a covalent

handle, culminating in a versatile new approach for peptide stapling and molecular design.
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Chapter 1
Introduction to Sulfenylation and the Importance of Tryptophan as a Powerful Biological Target

1.1 Abstract

Sulfur-based transformations and amino acid—specific reactivity represent two powerful
and complementary frontiers in modern chemical research. Sulfenylation chemistry has
advanced rapidly as a highly versatile method for constructing C—S bonds and accessing a broad
landscape of sulfur-derived functional groups with profound implications for drug design,
catalysis, and materials science. Its evolution from traditional electrophilic sulfenylating reagents
to innovative metal-catalyzed, radical, and photochemical C—H activation strategies reflects the
growing need for precise, efficient, and modular pathways to embed sulfur into complex
molecular frameworks. In parallel, tryptophan has emerged as an equally compelling target
whose indole-based structure imparts unique electronic, photophysical, and biological properties
to proteins. Although rare in proteomes, tryptophan residues are selectively deployed by nature
to mediate molecular recognition, electron transfer, and conformational control, making them
valuable anchors for chemical modification, bioconjugation, and mechanistic exploration.
Together, these two areas illustrate how deep understanding of heteroatom chemistry and amino
acid—specific reactivity can enable precise manipulation of biomolecules and small molecules
alike. By bridging advancements in selective sulfur installation with insights into the strategic
use of tryptophan in biological systems, this combined perspective highlights emerging
opportunities for the deliberate, site-specific modification of both synthetic and biological
scaffolds. The intersection of sulfenylation methodologies with tryptophan-targeted chemistry

offers a conceptual framework for designing next-generation molecular tools, therapeutic agents,



and materials that capitalize on the rich reactivity and functional importance of sulfur and indole

chemistry.

1.2 Sulfenylation

Sulfenylation, the formation of carbon—sulfur (C—S) bonds by transfer of a sulfenyl
fragment to an organic substrate, has become one of the most powerful and versatile
transformations in modern synthetic chemistry. The significance of sulfenylation lies not only in
the construction of thioethers but also in the access it provides to a wide family of sulfur-
containing functional groups, sulfoxides, sulfones, sulfonamides, sulfenates, and heterocyclic
motifs that play central roles in medicinal chemistry, agrochemicals, catalysis, and materials
science!?. Over the last two decades, advances in sulfur-based reagent design, C—H activation
chemistry, and radical or photochemical pathways have dramatically expanded the scope and
selectivity of sulfenylation reactions, enabling sulfur installation at virtually any molecular
position, including unactivated C(sp?)-H and C(sp*)-H bonds®*. Because sulfur is larger, more
polarizable, and capable of more oxidation states than oxygen, the choice to sulfenylate a
molecule, or etherify it, has profound implications for molecular shape, electronics,
conformational control, and pharmacokinetics’®. These unique features have made sulfur a
privileged heteroatom in drug molecules, with approximately one quarter of FDA-approved
small-molecule therapeutics containing at least one sulfur atom”!°.

Historically, sulfenylation chemistry began with classical electrophilic sulfur reagents
such as sulfenyl chlorides, disulfides, and thiols'!. Sulfenyl chlorides in particular, though often
reactive and unstable, provided straightforward routes to aryl and heteroaryl thioethers through

electrophilic aromatic substitution'?. However, their harshness and instability limited



applicability in complex-molecule synthesis. Modern sulfenylating reagents, such as N-
thiosuccinimides, sulfonyl hydrazides, and sulfenyl ammonium salts, offer significantly
improved stability, modularity, and safety'>~!°. Sulfonyl hydrazides, for instance, are now widely
used because they are air-stable, odorless thiol surrogates that can generate electrophilic sulfur
species under oxidative or radical conditions'®. Their broad application to heteroarenes such as
indoles, pyrroles, and benzothiophenes reflects the generality of sulfenylation methodologies'’.
A milestone in the evolution of sulfenylation chemistry is the development of direct C—H
sulfenylation, eliminating the need for pre-functionalization. Transition-metal catalysis has
enabled the C—H activation of arenes and heteroarenes adjacent to directing groups, where

21 complexes have been used to facilitate selective

palladium'®, copper!?, iron?°, and ruthenium
C—S bond formation. In particular, palladium-catalyzed sulfenylation of 2-arylpyridines has
become a cornerstone transformation, relying on chelation-assisted C—H activation to deliver
sulfides with predictable regioselectivity®*. The ability to achieve C—H sulfenylation without
metals is also noteworthy: metal-free conditions using hypervalent iodine reagents?, peroxides®*,
or photoredox catalysis*> have dramatically reduced environmental and operational burdens.
Among heterocycles, indoles occupy a privileged position in sulfenylation chemistry due
to the inherent nucleophilicity of their C3 position?*. Early methods relied on sulfenyl chlorides
or disulfides, but modern strategies employ thiol surrogates activated photochemically®’,
electrochemically?®, or by radical initiators?®. These advances have enabled late-stage
functionalization of complex natural products and drug-like scaffolds bearing multiple
competing nucleophilic sites. The resulting 3-sulfenylindoles are versatile building blocks with

biological activities including antiviral, anticancer, anti-inflammatory, and enzyme-inhibitory

properties*®3!. Similar advances have been made in the sulfenylation of benzothiazoles>?,



quinolines®®, quinazolines®*, pyridines, and thiophenes>®, highlighting the broad reach of
sulfenylation across aromatic systems.

The sulfenylation of C(sp?)—H bonds presents greater challenges because of the inertness
of aliphatic C—H bonds and the potential for overoxidation or undesired f-elimination.
Nevertheless, photoredox catalysis has enabled a-C—H sulfenylation of amines®’, ethers®, and
carbonyl compounds*’. Amine a-sulfenylation is particularly attractive, as the resulting a-
thioamines serve as intermediates in alkaloid synthesis, enzyme inhibitors, and sulfur-containing
pharmaceuticals*’. Metal-catalyzed approaches have also emerged: copper catalysts enable
benzylic sulfenylation*!, while iron-based catalysts, more sustainable and abundant, can mediate
radical C—H abstraction pathways for aliphatic sulfenylation*?.

A compelling aspect of sulfenylation chemistry is the breadth of downstream
transformations accessible after sulfur installation. Thioethers can be oxidized to sulfoxides or
sulfones, providing dramatic changes in polarity, conformation, and hydrogen-bonding ability*.
Sulfoxides introduce a stereogenic sulfur center, enabling chiral control and asymmetric
synthesis*. Sulfones, powerful electron-withdrawing groups, can activate adjacent carbons
toward deprotonation and alkylation*. Moreover, sulfur-containing intermediates can be
converted into sulfonamides via oxidative or nucleophilic pathways, expanding their relevance in
drug design, as sulfonamide groups often enhance binding affinity and metabolic stability*®. The
ability to generate sulfur heterocycles such as thiazoles, thiadiazoles, thiophenes, or
benzothiazoles from sulfenylated precursors further underscores the synthetic richness provided
by sulfur chemistry*’#.

The choice to use sulfur rather than oxygen in a synthetic transformation is rooted in

sulfur’s atomic and electronic properties. Sulfur’s larger covalent radius relative to oxygen leads



to longer C—S bonds than C—O bonds, imparting greater flexibility and allowing access to
molecular conformations not readily attainable with oxygen*’. Sulfur’s high polarizability and
the presence of diffuse 3p orbitals contribute to stabilizing soft interactions such as chalcogen
bonding and c-hole interactions>’, which can enhance protein—ligand binding>!. Critically,
sulfur’s ability to access oxidation states from —2 to +6 enables a diversity of functional group
transformations unmatched by oxygen chemistry 3.

These molecular traits explain sulfur’s prevalence in pharmaceuticals. Penicillin and
cephalosporins rely on a sulfur-containing bicyclic core essential for antibacterial activity>*.
Dapsone, a classic sulfone antibiotic, exemplifies the influence of the sulfone group on
lipophilicity and metabolic stability®®. Proton pump inhibitors such as omeprazole,
esomeprazole, and lansoprazole are sulfoxides whose activity depends on redox behavior at
sulfur’®. Modern anticancer drugs, including sunitinib, imatinib, dasatinib, and erlotinib, contain
sulfonamides or thioethers that contribute to kinase selectivity and potency”’. Sulfur’s role
extends to antivirals, antidiabetics, antihypertensives, and CNS agents®®*>, The widespread
incorporation of sulfur motifs across therapeutic classes is a direct reflection of the structural
diversity and tunability enabled by sulfenylation chemistry.

Sulfenylation also parallels biological processes, particularly protein S-sulfenylation,
where cysteine thiols are oxidized to sulfenic acids under oxidative stress®’. These transient
species function as regulatory switches, modulating enzyme activity, redox signaling, and
protein—protein interactions®!. This synergy between synthetic and biological sulfur chemistry
highlights sulfur’s fundamental importance in chemical biology.

Overall, sulfenylation represents more than a functionalization strategy, it is a gateway to

the full landscape of sulfur chemistry. Its value lies in enabling fine-tuned modulation of



physical, electronic, and biological properties, providing access to diverse functional groups, and
supporting the development of sophisticated molecular architectures. As methods continue to
evolve toward milder, more selective, and more sustainable conditions, particularly through
photocatalysis, electrochemistry, flow chemistry, and metal-free oxidative strategies,

sulfenylation will continue to expand its role in synthesis, drug discovery, and materials science.

1.3 Tryptophan

Tryptophan occupies a uniquely influential position in both chemistry and biology. As
the most structurally complex of the 20 canonical amino acids, tryptophan contains an indole
ring system that endows proteins with distinctive electronic, structural, and spectroscopic
properties®>. Although it is the rarest amino acid in proteomes, often comprising less than 1% of
total residues, its scarcity is not a reflection of unimportance. Instead, tryptophan’s rarity reflects
its high biosynthetic cost, intrinsic chemical reactivity, and specialized functional roles in
proteins®*. Evolution has conserved tryptophan not for abundance, but for precision: when
proteins require strong aromatic interactions, redox capabilities, intrinsic fluorescence, or well-
defined binding elements, tryptophan is chosen deliberately and sparingly®.

Chemically, the indole ring is highly functional. Its electron-rich aromatic n-system
enables deep conjugation, strong polarizability, and capacity for noncovalent interactions
unmatched by other amino acids. The indole engages in n—x stacking, cation—r interactions,
hydrogen bonding, hydrophobic contacts, and radical stabilization®. These interactions underpin
why tryptophan is disproportionately represented in protein—protein interfaces, receptor binding
sites, and membrane interactions, despite its low overall abundance®’. In many proteins,

tryptophan residues serve as anchoring points, orienting ligands or stabilizing transition states.



This functional specificity has made tryptophan an attractive target for chemical modification,
bioconjugation, and mechanistic studies®®.

Another major reason researchers target tryptophan is its distinctive optical behavior.
Tryptophan absorbs strongly around 280 nm and is responsible for the intrinsic fluorescence of
many proteins®. This fluorescence is highly sensitive to microenvironment polarity, steric
constraints, and conformational changes, enabling tryptophan to act as a natural probe of protein
folding, binding, and structural dynamics’’. Mutational and spectroscopic studies have shown
that single tryptophan residues can report on global protein motions due to their large dynamic
range and sensitivity to quenching, making them invaluable in mechanistic enzymology and
biophysical chemistry’!.

Tryptophan is also integral to biological redox chemistry. Its high oxidation potential
allows it to form relatively stable radical intermediates, a feature exploited in enzymatic electron-
transfer chains and photochemical signaling proteins’?. Proteins such as photolyases, oxidases,
and peroxidases contain evolutionary conserved tryptophan “wires” that shuttle charge across
long distances’. This reactivity has inspired chemists to examine tryptophan as a target for
redox-active tagging, site-selective oxidation, and photocatalytic modulation in biological
environments’®. The high susceptibility of tryptophan to oxidative modification under
physiological stress has also made it a key biomarker in oxidative biology and inflammation
studies”.

Although multiple amino acids can undergo chemical modification, tryptophan’s unique
electronic structure makes it particularly intriguing for selective bioconjugation. Whereas lysine
or cysteine modifications often alter protein charge or disrupt catalytic activity, tryptophan sits at

the intersection of reactivity and functional neutrality. Its indole ring can participate in mild



electrophilic aromatic substitutions, radical additions, or photochemical transformations without
compromising backbone integrity’®. These features have inspired the development of tryptophan-
selective labeling methods that rely on intrinsic indole nucleophilicity, controlled single-electron
oxidation, or reagent-specific affinity for the aromatic n-system’’.

Tryptophan’s rarity in proteins further enhances its value as a selective handle for
chemical modification. With few residues available, selective targeting becomes easier and more
predictable, reducing heterogeneity in labeling or conjugation experiments’®. This has proven
invaluable in site-specific protein modification, where installing affinity tags, fluorophores, or
drug-linker systems at uniquely placed tryptophan sites enables high-resolution mechanistic and
structural studies”. Beyond its structural role in proteins, tryptophan occupies a central position
in metabolism. It is the precursor to serotonin, melatonin, tryptamine, and numerous kynurenine-
pathway metabolites, linking tryptophan levels to mood regulation, immune tolerance,
inflammation, and neurodegeneration®. Enzymes that process tryptophan, such as indoleamine
2,3-dioxygenase or tryptophan hydroxylase have thus become major drug targets in oncology
and neuroscience®!. Even outside mammalian systems, tryptophan-derived indole alkaloids and
secondary metabolites play essential ecological and biochemical roles, highlighting the breadth
of tryptophan-centered chemistry®2.

Despite extensive study, several conceptual and methodological areas remain
underdeveloped. One such area is site-selective modification of tryptophan in folded proteins,
where targeting a specific tryptophan among multiple residues remains challenging®®. Similarly,
while C2 and C3 indole modifications are well established, N1- and C7-specific derivatization

remain far less understood, with only limited strategies available®>. A deeper understanding of



how protein environments tune indole reactivity would enable more precise chemical tools and
probes.

Perhaps the greatest conceptual frontier lies in covalent targeting of tryptophan in drug
design. While cysteine and lysine dominate covalent inhibitor development due to their
nucleophilicity, the indole ring could serve as an orthogonal and more selective anchoring point,
if chemists can design electrophiles that react with tryptophan under biologically relevant
conditions®®. Overall, tryptophan’s rarity, unique reactivity, electronic richness, and versatile
functional roles make it far more than just another amino acid—it is a strategic element of
protein architecture and an exceptional chemical target. Its ability to mediate structural stability,
electron transfer, molecular recognition, and optical signaling ensures that whenever a protein
requires precision, nature selects tryptophan. As chemical biology continues to evolve,
tryptophan’s exceptional properties guarantee that it will remain at the forefront of mechanistic

exploration, probe development, and next-generation protein modification strategies.
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Chapter 2

Lewis Base/Bronsted Acid Dual Catalyzed Sulfenylation of Aromatics

2.1 Abstract

A Lewis base/Bronsted acid catalyzed aromatic sulfenylation is reported. These studies
demonstrated that the incorporation of electron-rich sulfenyl groups proceeded in the absence of
Lewis base, with kinetic studies indicating an autocatalytic mechanism. The incorporation of
electron-poor sulfenyl groups demonstrated little autocatalysis necessitating the use of Lewis
base. This method proved amenable to diverse arenes and heterocycles and was effective in the
context of the late-stage functionalization of biologically active small molecules. These studies
show further application of this chemistry towards regioselective sulfenylation of phenol,

demonstrating ortho selectivity through the use of chiral Lewis base catalysts.

2.2 Introduction

Aryl and Alkyl sulfides are common motifs in drug discovery! ™ and have seen use in
polymer* and synthetic chemistry.’~” As such, the formation and transformation of carbon sulfur
(C-S) bonds has recently received significant attention.®® Typically, the introduction of aryl or
alkyl sulfides has been achieved through cross-couplings via metal catalysis.'®'> However, more
recently, aromatic (C-H) sulfenylation, has been achieved via electrophilic aromatic substitution
(SgAr). Aromatic sulfenylation via SEAr was originally achieved via sulfenyl halide
intermediates generated in situ, however these methods can often result in a mixture of
halogenated and sulfenylated products.'*!* More recently, several groups have found sulfenyl

halides can be generated in situ from N-thiosuccinimides using MgBr2, however these methods
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can suffer from a reliance on elevated temperatures, and often only work on the most electron-
rich aromatics such as indoles.'*"'® In a recent advance, aromatic sulfenylation of arenes was
achieved by employing super-stoichiometric quantities of trifluoroacetic acid (tfa) to activate N-
thiosuccinimides, however the harshness of these conditions can limit the substrate scope to
electron-rich arenes that are free of acid sensitive groups (Figure 2.1A)."

Recently, our lab disclosed a bifunctional catalyst consisting of a Lewis basic thiourea
conjugated to a Bronsted acid that was able to affect the sulfenylation of aromatics under mild
conditions,?® however the scope of the reaction was limited to electron-rich azaheterocycles.
Based on mechanistic studies from that work we hypothesized that sulfide and selenide ethers,

21725 might prove to

which have been used as catalysts for the sulfenofunctionalization of alkenes,
be a more efficient catalyst as there would be no mechanism to stabilize the putative Lewis

base/sulfenium adducts. The destabilized adducts would be expected to be more electrophilic and
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thus perhaps more amenable to less electron-rich aromatics.

A. Excess Bronsted Acid (Hostier, Org. Lett. 17, 15, 3898-3901)
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Figure 2-1 A.) Excess Bronsted acid sulfenylation of Arenes B.) Autocatalytic profile of

sulfenylation C.) Catalytic: Bronsted acid and Lewis base sulfenylation.

2.3 Results and Discussion

We began our studies by evaluating different Lewis bases in the absence or presence of

different acids for the sulfenylation of anisole (1) with reagent 2a which possessed a methyl

group that could be used as a handle to monitor the reaction conversion by 'H NMR. We

observed no reaction in the absence of catalyst (Table 2.1, entry 1), with 1 equivalent of tfa

(Table 2.1, entry 2), in the presence of triphenylphosphine selenide with 1.0 equivalent of tfa

(Table 2.1, entry 3),%° or in the presence of diarylselenide 3 in the absence of tfa (Table 2.1 entry

4). Conversely, when catalyst 3 was combined with 1 equivalent of tfa, we observed good

conversion to 4 at 6 hours (Table 2.1, entry 5).
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Table 2-1 Optimization of reaction conditions with selenoether catalyst
Me S
om ] 2a © —(
1 € o 2
S MeO 3 OMe 4 \ /
* 0y N0

v > MeO—@—S
10 mol % cat.

solvent, rt, t
entry catalyst additive molarity, M time ayield, %
1 none none 0.2 6 h 0
2 none 1 equiv tfa 0.2 6 h 0
3 SePPhg 1 equiv tfa 0.2 6h 0
4 3 none 0.2 6h 0
5 3 1 equiv tfa 0.2 6h 82
6 3 1 equiv tfa 0.5 1h 83
7 3 1 equiv tfa 1.0 10 min 88
8 3 10 mol % TfOH 1.0 10 min 89b
9 none 10 mol % TfOH 1.0 10 min 90k
10 none 1 equiv tfa 1.0 10 min 1
11 none 1 equiv tfa 1.0 3h 85
12 4 1 equiv tfa 1.0 1h 95

#Percent conversion by NMR represents an average of 3 trials using tms as an internal standard.
Reactions were performed on 0.12 mmol, 0.3, or 0.6 mmol scale of 1 in 0.6 mL of CDCls.
"Isolated yield using CHCl; as solvent.

This could be improved by increasing the reaction concentration up to 1.0 M (Table 2.1,
entry 7) to give nearly complete conversions on the minute time scale. Next, we sought to
determine the effect of the strength of the acid additive, finding the combination of 3 with
catalytic triflic acid also resulted in near complete conversion in 10 minutes (Table 2.1, entry 8).
Surprisingly, 10 mol % triflic acid, in the absence of Lewis base also effected sulfenylation on a
similar time scale. This led us to take a closer look at the reactions employing 1 equivalent of tfa
without 3 at 1.0 M, wherein we observed no conversion to 4 at 10 minutes (Table 2.1, entry 10);
however, near complete conversion at 1.0 M concentration took place after 3 hours (Table 2.1

entry 11). This lead us to investigate the role of product 4 in the reaction. When 10 mol % 4 is

added as a catalyst (Table 2.1, entry 12), the reaction is notably faster than with no catalyst
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yielding a conversion of 95% after 1 hour. Taken together this data suggests that while selenide
ethers are more efficient catalysts, the resulting product sulfide, which is itself a Lewis base, can
also catalyze the reactions; thus the reactions occurring in the absence of 3 are likely proceeding
autocatalytically. To probe the potential for autocatalysis we performed preliminary kinetics
experiments in which the reaction was monitored at three-minute increments by 'H NMR with 1
equivalent tfa in the absence or presence (Figure 2.1) of catalyst 3. As we suspected, the reaction
without 3 displayed a considerable lag time before the rate picked up, indicative of autocatalysis.
Conversely, the reaction with 10 mol % 3 displayed no lag time and was complete significantly
sooner. While we were unable to obtain kinetics using triflic acid due to the short reaction time
not being amenable to NMR kinetics, we feel that it is probable that autocatalysis is also a factor

in this case.
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Figure 2-2 Catalyst 3 kinetics were obtained using conditions from Table 2.1 entry 10.
Autocatalysis kinetics were obtained using conditions from Table 2.1 entry 6.

Next, we sought to evaluate the sulfenylation of different aromatics using reagent 2a both
in the presence and absence of 3 (Figure 2.3). Anisole (1), phenol, mesitylene, and 2-naphthol
were all sulfenylated cleanly on the minute time scale using 10 mol % triflic acid, with the
conversion being nearly indistinguishable with or without 3. On the other hand, acetanilide,

which is less electron-rich than the other evaluated substrates,?® did display a dependence on
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catalyst, as the corresponding product 8 was only observed in the presence of Lewis base catalyst

3.
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Figure 2-3 Comparison of several aromatic substrate classes with 3 and without 3. *Isolated
yield. °1.2 equiv sulfenylation reagent. ‘Conversions determined by 'H NMR. 90.25 equiv TfOH.

“Reagent 2e was used.

We next set out to investigate the electronic effect of the substitution off the sulfur in the

sulfenylation reagent. We accomplished this by evaluating the sulfenylation of 1 by 'H NMR

with sulfenylation reagents of varying electronic properties. Electron-rich reagents (2a and 2b)
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showed no difference in conversion to products (4 or 9) with or without 3. When more electron-
poor sulfenylation reagents (2¢, 2d, and 2e) were used we observed a significant increase in
conversion with 3. For example, when 2¢ is used we observe 83% sulfenylation to 10 in the
presence of 10 mol % 3, however only 10% conversion at the same time point without 3.
Similarly, with 2d we observe 73% conversion to 11 with 3 and only 6% without 3, and with 2e
we observe 70% conversion with catalyst and 32% without. These results can be justified as the
products that possess electron-withdrawing groups (10, 11, 12) will have attenuated Lewis
basicity leading to lessened autocatalysis.

We next sought to define the substrate scope of the selenide ether catalyzed sulfenylation
reaction employing electron-poor N-thiosuccinimide reagents 2¢ and 2e (Figure 3.4). Reagent 2¢
was chosen as the azido group possesses a wide range of applications, particularly those related
to bioorthoganol conjugation chemistry.?” Reagent 2e was chosen as the SCF3 group is becoming
increasingly employed by medicinal chemists to modulate the lipophilicity and bioavailability of
lead compounds, and as such the late-stage introduction of the SCF3 group has become a sought-
after strategy in synthetic chemistry.?®° The trends from Figure 2.3 proved to hold quite well
across several different classes of aromatics, as we observed a significant increase in conversion
when catalyst 3 was employed for each substrate evaluated. For example, in the absence of
catalyst, less than 10% conversion was observed using 2¢ for the sulfenylation of 1, phenol,
mesitylene, or the venerable NSAID naproxen. Conversely, the addition of 10 mol % 3 allowed
for the isolation of the corresponding sulfides 10, 13, 14, and 15 in yields ranging from 76-84%

in under an hour.
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The incorporation of the SCF3 group using 2e displayed a similar, if not more marked
trend. Phenol derivative 16, was isolated in 81% when 10 mol % 3 was employed and only 8%
without 3. Trifluoromethylthiolated thiophene 17 was isolated in 59% with 10 mol % 3 while we
observed no conversion without 3. Similarly, naphthol 18, and phenol derivatives 19, and 20
were isolated in 91%, 79%, and 76% yields, respectively with 3, while each showed no
conversion without 3. Naproxen derivative 21 was also cleanly trifluoromethylthiolated in 94%
with 3 while showing no conversion without 3. Tolemetin another FDA-approved NSAID drug
commonly used to treat pain from arthritis was functionalized in 70% yield in the presence of 3
however displayed a larger background reaction in the absence of 3 (28%).

Overall, we found this chemistry to be amenable to a wide range functional groups
including phenols, carboxylic acids, heterocycles and protected amines. Free amines, however
presented a problem, as we would often isolate N-sulfenylated products. This can be overcome
by protecting the amine as we did with the FDA-approved selective serotonin reuptake inhibitor
(SSRI) paroxetine, wherein we found mesylated paroxetine cleanly sulfenylated allowing for the
isolation of 23, in 79% yield with 10 mol % 3, while we observed no conversion in the absence
of 3. In general, the substrates that reacted significantly in the absence of Lewis base were more
electron-rich, and thus more innately reactive. Despite this, the fact that the resultant products
(i.e. 12, 22) would be more Lewis basic and thus possess the potential for greater autocatalysis

should not be overlooked.
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Figure 2-5 Mechanistic proposal for autocatalysis

The mechanistic proposal in Figure 2.5 summarizes our findings in this letter. The first
pathway presented, pathway 1, is an acid-mediated mechanism where product formation happens
slowly representing the lag period in the kinetic profile in Figure 2.2. When enough product has
formed a second pathway, pathway 2, that involves Lewis base autocatalysis drives the reaction
to completion represented by the dramatic increase of rate later on in the reaction. When the
formed product is less electron-rich it will possess attenuated Lewis basicity and thus lessened
autocatalysis, which can be overcome by the addition of a sufficiently Lewis basic catalyst such
as 3.

Following this work, we realized lack of regio selective control currently present in

sulfenylation literature and wanted to expand on this field*!*. Statistically the ortho position
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should be the preferred location due to there being twice as many reactive sites when compared

A. Previous work from Gustafson et al. 2020
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Figure 2-6 Previous work from the Gustafson lab and this work

to the para position. Although, due to steric hinderance the para site is the more reactive site. Our
selenide ether catalyst 3 is nonselective so it tends to avoid the steric bulk and instead reacts at
the para position. This is not due to control but purely due to the lack of steric hinderance about
the para position. We wanted to design a catalyst that orients and controls the substrate and
sulfenylating reagent to overcome steric hinderance and selectively sulfenylate at the ortho
position.

A study recently published by the Gustafson lab,*! illustrated in Figure 2.6, shows the
ortho selective chlorination of phenols and anilines using a thiourea indane based selenide

catalyst. This work was inspired by Zhao and coworkers? in which they were able to utilize
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similar 1-amino indanol based catalysts in the context of diverse electrophilic olefin

(Boc),0 MsClI
OH OH > OMs
NaHCO3;, H,O/THF TEA, DCM

\

NH, NHBoc NHBoc
HO. _OH R
B R\// OMs //\
NS
@ Se,NBS,0, Se NHBoc . -
> > «uSe
\\R Pyridine, MeCN i \\R NaBH,, EtOH/THF
= NHBoc
S
1)
c

R
N
//\ //\ -uSe
=, = F3C CF3
©:?--'Se > e > NH
TFA, DCM DCM s CFs
NHBoc NH, HNQ

CF;

Figure 2-7 Synthetic strategy for the indane based selenoether catalysts

funcionalizations*2. Andrew Dinh from the Gustafson group showed that with the use of a chiral
seleno-indane based catalyst 26 he was able to regioselectively chlorinate the ortho position of a
large variety of phenols and anilines with an ortho:para selectivity of greater than 20:13!. The
method for this chemistry was Lewis base catalyzed electrophilic aromatic substitution using N-
chlorosuccinime as the chlorinating agent. With this reactivity and similar chemistry to our own,
we thought that this chemistry could potentially translate into regioselective sulfenylation of
phenol. The synthetic strategy for these indane based catalysts is shown in Figure 2.7 starting
from 1-amino indanol. With boc and mesyl protection the indanol is activated for nucleophilic
attack from a reduced diselenide. The diselenide can be afforded through a wide variety of
boronic acids. The resulting selenoether is deprotected with TFA and allowed to react with the

isothiocyanate to yield the chiral indane based selenide catalysts.
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When theorizing the conditions for this regioselective sulfenylation we had to carefully
select the sulfenylating reagent. As shown in Figure 2.3, some of these sulfenylating reagents can
induce autocatalysis with the product acting like an activated Lewis base catalyst. This had to be
avoided so that it would not skew the measured ortho selectivity of the reaction as the
sulfenylated product would act as a non-selective para dominant catalyst. With this thought we
needed to choose a sulfenylating reagent that would deactivate the product and decrease the
likelihood of the product acting as a Lewis base catalyst. The SCF; reagent seemed like a good
choice but showed inconsistency with NMR reaction studies. We decided to go with the NO>
reagent because it was a bench stable electron withdrawing sulfenylating reagent that showed
consistent results when performing NMR studies.

These reactions were carried out in NMR tubes, so we took an initial NMR spectra of the
reactions before the catalyst was added and then follow-up NMR spectra of the reaction after the
chemistry was complete, using TMS as an internal standard. Early in the study, the ortho and
para compounds were separated and purified to determine if there were chemical shifts that we
could accurately measure from the crude reaction mixture. The para product would only show
two unique aromatic phenol proton shifts due to its symmetry whereas the ortho selected product
would show four unique phenol aromatic proton shifts. Based on the NMR data we concluded
that a doublet at 7.53 ppm for the ortho product and a doublet at 6.93 ppm for the para product
could be clearly measured to compare relative ortho:para selectivity of the catalyst. Phenol and
the sulfenylating reagent were weighed into the NMR tube, diluted in CDCIl; and stock solutions
of the Lewis base catalyst and TFOH were pipetted into the tube. The NMR tube was capped

shaken and allowed to react for 18 hours.
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Table 2-2 Optimization for regioselective sulfenylation of phenol
OH 0 OH OH
Lewis Base Catalyst S X
+ N—S\ o | +
L CDClg, temp, 18 h Z>No,
— S X
1.1equiv  NO; | —
NO

2

entry catalyst molarity, M TfOH (mol%) catalystload (mol%) temp (°C) stirring  ratio (o:p)
1 26 0.1 10 1 r no 1.0:1.5
2 26 0.1 10 10 rt no 1.0:5.0
3 26 0.05 10 1 rt no 1.0:2.5
4 26 0.1 10 1 50 no 1.0:1.6
5 26 0.2 10 1 r no 1.0:1.1
6 31 0.1 10 1 rt no 1.5:1.0
7 31 0.2 10 1 rt no 2.3:1.0
8 31 0.05 10 1 rt no 1.0:1.5
9 31 0.1 10 1 rt yes 3.9:1.0
10 31 0.1 100 1 rt no N.C.

Upon choosing the sulfenylating reagent and determining efficacy of the NMR study the
next step was to investigate the reactivity of Dinh’s catalyst 25 in regioselective sulfenylation
with our NO; sulfenylating reagent. Initial condition for catalyst investigation was the reaction
was diluted to 0.1M in CDCl; at room temperature with a Lewis base catalyst load of 1 mol %
and with TfOH added at 10 mol %. Under these initial conditions, Dinh’s 25 catalyst showed
para preference with a 1.0:1.5 ortho:para selectivity as shown in Table 2.2. I increased the
Catalyst load from 1 mol % to 10 mol % and saw a steep decrease in ortho selectivity to 1.0:5.0,

Table 2.2 entry 2. This pairs well with Seidel’s conclusions that higher concentrations of thiourea
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based catalysts can cause aggregation of the catalyst which alters its catalytic attributes™. I

decreased the catalyst load back to 1 mol % and decreased the reaction concentration from 0.1M
to 0.05M and saw a decrease in ortho selectivity to 1.0:2.5, Table 2.2 entry 3. I then test the
effect of reaction temperature to see if an elevated temperature could increase the ortho
selectivity, Table 2.2 entry 4. The increase in reaction temperature to 50°C had little change on
the ortho selectivity. I increased the reaction concentration to 0.2M at room temperature and saw
an increase in ortho selectivity to 1.0:1.1. With this increase in selectivity, I determined that we
could indeed increase the ortho selectivity and decided to test various chiral Lewis base catalysts
to search for a pattern in selectivity to properly design an ortho selective Lewis base catalyst.

I tested various catalysts with sulfur and selenide Lewis base moieties under the initial
conditions I used with Dinh’s catalyst 25, Table 2.2. The first pattern demonstrated in Figure 2.8
shows increased bulk around the selenide from methyl groups surrounding the selenide to
isopropyl groups results in a decrease in ortho selectivity. This was not evident in Dinh’s study
likely due to the smaller size of the NCS chlorinating reagent. Our larger sulfenylating reagent
seems to be too large to readily fit into the pocket holding the selenide. As you loosen the steric
bulk around the selenide and switch to a naphthyl group off the selenide you see a slight increase
in ortho selectivity to 1.0:1.3. I then tested the effect of the group off this thiourea switching
from the bis-CF3 28 to bis-methyl 29 saw little change in ortho selectivity which I believe means
that the electron density of the phenyl ring bound to the thiourea has little effect on its ability to
coordinate phenol. I then lowered the steric bulk even further and tested the thioether 30 and saw
a slight increase in ortho selectivity when compared to Dinh’s catalyst 26. With the same steric

bulk, I switched the sulfur back to selenium 31 and increased its electron density by positioning a
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Figure 2-8 Testing various chiral selenide and sulfide Lewis base catalysts. *Ortho:para ratios
were determined with crude NMR ratios shown in Supplemental Infomation. "Percent conversion
determined through NMR studies using TMS as an internal standard.

methoxy substituent para to the selenide. This change greatly increased the ortho selectivity to

1.5:1.0 and was the first catalyst sampled that had a higher preference for ortho sulfenylation of
phenol. I continued optimization with the 4-methoxy selenide 30, Table 2.2 entries 6-10. I found
that [ was able to fit a micro stir bar into the NMR tubes and was able to stir the reaction at 1200

RPM. The stirring of the reaction greatly increased the ortho selectivity of 30 to 3.9:1.0 which is
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roughly an 8-fold increase in ortho selectivity when compared to the innate selectivity

demonstrated by the symmetric achiral selenide 3, Figure 2.8.
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Figure 2-9 Mechanistic proposal for ortho sulfenylation of phenol

We propose a potential mechanism for the regioselective catalytic cycle in Figure 2.9.
We theorize that triflic acid activates the N-thiosuccinimide sulfenylating reagent by protonating
the carbonyl oxygen. Upon activation, it increases the electrophilic characteristic of the sulfur for
the Lewis basic selenide to attack kicking off succinimide. This intermediate 33 then coordinates

with phenol to position phenol with hydrogen bonding from the thiourea. The coordinated

32



catalyst phenol complex 34 positions the ortho position of phenol in close proximity to the
electrophilic sulfur bound to the selenium. This close proximity allows for electrophilic aromatic
substitution to occur with the phenyl ring attacking the sulfur and kicking off the selenium. We
then propose triflate deprotonates the phenol in intermediate 35 driven by the restoration of
aromaticity. This regenerates the Lewis base and the Bronsted acid catalysts yielding the ortho
sulfenylated phenol product.

Through optimization of the reaction, we found a few interesting results. One interesting
observation is that even though some reactions showed no ortho preference the reaction still went
up to 88% completion illustrated in Figure 2.8. I theorize that the sulfur in the thiourea is
performing a majority of the catalysis when the selenium is hidden behind steric bulk. I tested
this hypothesis by testing catalyst 32 which contains only the thiourea Lewis basic location. The
results from this test show the great para preference of this thiourea Lewis base with an
ortho:para selectivity of 1.0:5.6 which had a higher preference for the para position when
compared to catalyst 3. I hypothesize that replacing the thiourea with a standard urea would

greatly reduce the likelihood of Lewis base catalysis being conducted at this location.

2.4 Conclusions

In conclusion, we have studied the C-H sulfenylation of arenes via SEAr. We found that
the combination of a selenide ether with either 1.0 equivalent of tfa or 10 mol % TfOH resulted
in rapid and robust conversions across several different arene classes, including several known
bioactive compounds. When the product sulfide had electron-rich substitutions the reaction did
not need a Lewis base catalyst as the reaction could proceed via an autocatalytic pathway.

Conversely, electron-poor sulfides were reliant on the presence of a Lewis base catalyst. These
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results represent a mild and efficient route for the addition of diverse sulfur containing
functionalities into arenes. We also demonstrated catalyst designs for increasing the ortho
selectivity of selenide Lewis base catalysts. More work needs to be done on optimizing the
catalyst by increasing the concentrations of the reactions, increasing electron density around the
selenide, and replacing the thiourea to a urea. With these preliminary results we showed that the
new thiourea based selenide catalyst was able to perform an 8-fold increase in ortho selectivity
compared to the previous selenoether 3. This data shows great promise and is proof of concept
that this sulfenylation chemistry can be properly controlled by a regioselective Lewis base

catalyst.

2.5 Abbreviations

FDA, Food and Drug Administration; TFA, CF30.H, trifluoroacetic acid; MgBr»,
magnesium bromide; SgAr, Electrophilic aromatic substitution; TMS, tretramethylsilane; CDCls,
deuterated chloroform; NMR, nuclear magnetic resonance; EDG, electron donating group;
EWG, electron withdrawing group; TfOH, trifilic acid, trifluoromethanesulfonic acid; eq.,
equivalence; CHCIs, chloroform; Me, methyl; H, hydrogen; N3, azide; NO», nitro; NSAID,
nonsteroidal anti-inflammatory drug; SSRI, selective serotonin reuptake inhibitor; RPM,

revolutions per minute.
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2.7 Supplemental Information

General Information

'H and '3C NMR spectra were recorded on Varian VNMRS 400 MHz, Varian Inova

500 MHz, Varian VNMRS 600 MHz, and Bruker Avance III 600 MHz spectrometers at

room temperature. All chemical shifts were reported in parts per million () and were

internally referenced to residual protio solvents unless otherwise noted. Spectral data were

reported as follows: chemical shift (multiplicity [singlet (s), doublet (d), triplet (t), quartet

(q), quintet (quin), and multiplet (m)], coupling constants [Hz], integration). Carbon spectra

were recorded with complete proton decoupling. Conventional mass spectra were obtained
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using Advion Expression® CMS (APCI, ASAP. All chemicals used were purchased from
Sigma Aldrich, TCI, Frontier Scientific, Acros Organics, Strem, Oakwood, Matrix Scientific,
Cambridge Isotope Laboratories, or Fisher and were used as received without further
purification, unless specifically noted. All normal phase flash column chromatography (FCC)
was performed using Grade 60 Silica Gel (230-400 mesh) purchased from Fisher Scientific.
Preparative Thin Layer Chromatography (TLC) plates contained grade 60 silica gel coated
with fluorescent indicator Fass. Catalysts were either purchased or prepared from known

literature procedures or synthesized.

Bis(4-methoxyphenyl)selane (3)
Se X

MeO Z OMe

Procedure is based on preparation from reported literature: Verma, A.; Jana, S.;
Durga Prasad, C.; Yadav, A.; Kumar, S. Chem. Commun. 2016, 52 (22), 4179. The spectral
data is in agreement with the reported literature: '"H NMR (500 MHz, CDCl;)8 7.44 — 7.37

(m, 4H), 6.83 — 6.79 (m, 4H), 3.78 (s, 6H).

General procedure for the preparation of N-thiosuccinimides (2a-2d)

Sulfuryl chloride (1.0 equivalent) was added drop wise to a solution of thiol (1.0
equivalent) and triethylamine (0.1 equivalents) in dichloromethane (1M) at 0 °C. After
stirring for 15 minutes, the mixture was warmed to room temperature and stirred for 30
minutes and then cooled to 0 °C. The resulting solution was transferred drop wise via cannula

to a solution of succinimide (1.0 equivalent) in dichloromethane (1M) and triethylamine (1.3
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equivalents) at 0 °C, and the mixture was then warmed to room temperature over 1 hour. The
solution was diluted with water and extracted with equal volume of dichloromethane before
being dried over sodium sulfate. Evaporation of solvent gave crude product that was purified

by using flash column chromatography.

1-(phenylthio)pyrrolidine-2,5-dione (2a)
O

N
S

O

Procedure is based on preparation from reported literature. The spectral data is in
agreement with the reported literature: Hostier, T.; Ferey, V.; Ricci, G.; Gomez Pardo, D.;
Cossy, J. Org. Lett. 2015, 17(15), 3898. '"H NMR (400 MHz, CDCl5)8 7.63 — 7.55 (m, 2H),

7.17 - 7.11 (m, 2H), 2.78 (d, J = 0.59 Hz, 4H), 2.33 (d, J = 0.76 Hz, 3H).

1-(phenylthio)pyrrolidine-2,5-dione (2b)
O

N
S

O

Procedure is based on preparation from reported literature. The spectral data is in
agreement with the reported literature: Nalbandian, C.; Miller, E.; Toenjes, S.; Gustafson, J.
L. Chem. Commun. 2017, 53 (9), 1494. "TH NMR (400 MHz, CDCl;) § 7.74 — 7.50 (m, 2H),

7.46 —7.27 (m, 3H), 2.81 (s, 4H).
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1-((4-azidophenyl)thio)pyrrolidine-2,5-dione (2¢)

O N
N.
S
@)

Procedure is based on preparation from reported literature. The spectral data is in
agreement with the reported literature: Nalbandian, C.; Miller, E.; Toenjes, S.; Gustafson, J.
L. Chem. Commun. 2017, 53 (9), 1494. 'H NMR (400 MHz, CDCl;) §7.75 — 7.66 (m,

2H), 7.01 — 6.96 (m, 2H), 2.79 (s, 4H).

1-((4-nitrophenyl)thio)pyrrolidine-2,5-dione (2d)

O NO,
N.J
S
o}

Procedure is based on preparation from reported literature. The spectral data is in

agreement with the reported literature: Hostier, T.; Ferey, V.; Ricci, G.; Gomez Pardo, D.;

Cossy, J. Org. Lett. 2015, 17(15), 3898. '"H NMR (400 MHz, CDCl;) 8 8.21 — 8.13 (m, 2H)

b

7.49 —7.38 (m, 2H), 2.97 (s, 4H).

N-Trifluoromethylthiosaccharin (2e)

¢\\

N_SCF3
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Procedure is based on preparation from reported literature. The spectral data is in
agreement with the reported literature: Xu, C.; Ma, B.; Shen, Q. Angew. Chemie Int. Ed.
2014, 53 (35), 9316. '"H NMR (500 MHz, CDCl;) & 8.19 (m, 1H), 8.07 — 7.97 (m, 2H),

7.93 (m, 1H). ’F NMR (470 MHz, CDCl;) § -47.70, -113.50 (Reference Standard CsH;sF)).
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General information for time dependent NMR studies

As a stock solution from CDCl;, An NMR tube was added 0.3 mmol, 1, 10 mol %
catalyst 3, 1.2 equivalent of 2a, a total volume of 0.6 mL of CDCl; (0.5M in 1), and 2 drops
of tms (as an internal standard). An NMR was taken before tfa addition for internal standard
calibration. 1 equivalent of tfa was then added, the NMR tube was inverted and placed in the
NMR spectrometer. Spectra were recorded every 3 minutes for up to 5 hours. Yields were
determined by internal standard with integration of product methyl peak (2.30 ppm; 3H).
Entry 2 was carried out at 1.0M in 1 without catalyst 3. (note: reaction times for kinetic
studies are slightly longer. During kinetic studies NMR tubes are inverted once for mixing.
Reactions from table 1 were inverted several times over the course of the reaction to

emulate stirring.)

General procedure for the preparation of sulfenylated products (4-23)

A 2-dram vial, equipped with a stir bar, was charged with arene or heterocycle (1.0
equivalent) and catalyst (0.10 equivalents). Chloroform or toluene (1.0 M in arene or
heterocycle) was added to the vial, followed by sulfenylating reagent (1.0-1.2) equivalents)
and acid additive, Trifluoroacetic acid (tfa) (1.0 equivalents), or triflic acid (TfOH), (0.1
equivalents) the resulting solution was stirred at room temperature for 5 minutes to 16 hours.
The reaction mixture was concentrated under reduced pressure and purified from crude
mixture, or neutralized with DI water, 1 M HCI, or a saturated solution of sodium
bicarbonate, and extracted with dichloromethane 3 times. The combined organic extracts
were dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure.

The crude product was purified by flash column chromatography on silica gel using a mixture
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of hexanes-ethyl acetate, dichloromethane-methanol, or ethyl acetate-methanol as the eluent

to afford the expected product. Isolated yields were determined on a 6-300 mg scale.

(4-methoxyphenyl)(p-tolyl)sulfane (4)

MeO

Following the general procedure: to anisole (124.4mg, 1.15 mmol) and 1.2 equivalent
of 2a the reaction was quenched with DI water after 10 min and the aqueous layer was extracted
3 times with dicholoromethane and the combined organic layers were dried with sodium sulfate
filtered and was concentrated under reduced pressure. The crude product was purified by flash
column chromatography using silica gel and pure hexanes to 1% ethyl acetate in hexanes as
the eluent. The purified product was concentrated under reduced pressure to afford the
expected product as a white solid (238.4mg, 90% yield).The spectral data is in agreement with
the reported literature: Yoshida, S.; Sugimura, Y.; Hazama, Y.; Nishiyama, Y.; Yano, T.;
Shimizu, S.; Hosoya, T. Chem. Commun. 2015, 51 (93), 16613."H NMR (500 MHz, CDCls)
6 7.39-7.33 (m, 2H), 7.16 - 7.11 (m, 2H), 7.07 (d, /= 8.04 Hz, 2H), 6.91 — 6.82 (m, 2H), 3.81

(s, 3H), 2.30 (s, 3H).

4-(p-tolylthio)phenol (5)

HO

Following the general procedure: to phenol (60.7mg, 0.65 mmol) and 1.0 equivalent of
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2a the reaction was concentrated under reduced pressure after 10 minutes. The crude product
was purified by flash column chromatography using silica gel and pure hexanes to 10% ethyl
acetate in hexanes as the eluent. The purified product was concentrated under reduced pressure
to afford the expected product as a white solid (111.8mg, 80% yield). '"H NMR (500 MHz,
CDCL) 6 7.35 — 7.30 (m, 2H), 7.19 — 7.14 (m, 2H), 7.11 —7.06 (m, 2H), 6.84 — 6.78 (m,
2H), 5.11 (s, 1H), 2.32 (s, 3H).The spectral data is in agreement with the reported literature:

Tian, H.; Zhu, C.; Yang, H.; Fu, H. Chem. Commun. 2014, 50 (64), 8875.

Mesityl(p-tolyl)sulfane (6)

Following the general procedure: to mesitylene and 1.0 equivalent of 2a (24.90mg,
0.207 mmol) the reaction was concentrated under reduced pressure after 45 minutes. The
crude product was purified by flash column chromatography using silica gel and pure
hexanes as the eluent. The purified product was concentrated under reduced pressure to
afford the expected product as a white solid (43.2mg, 86% yield). '"H NMR (500 MHz,
CDCl;) 6 7.04 — 6.96 (m, 4H), 6.87 — 6.80 (m, 2H), 2.32 (s, 3H), 2.27 (s, 3H). The
spectral data is in agreement with the reported literature: Anbarasan, P.; Neumann, H.;

Beller, M. Chem. Commun. 2011, 47 (11), 3233.
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1-(p-tolylthio)naphthalen-2-ol (7)

e

Following the general procedure: to 2-naphthol (30.27mg, 0.21mmol) and 1.0
equivalent of 2a the reaction was concentrated under reduced pressure after 5 minutes. The
crude product was purified by flash column chromatography using silica gel and pure
hexanes as the eluent. The purified product was concentrated under reduced pressure to
afford the expected product as a white solid (55.3mg, 99% yield).The spectral data is in
agreement with the reported literature: Silva, L. T.; Azeredo, J. B.; Saba, S.; Rafique, J.;
Bortoluzzi, A. J.; Braga, A. L. European J. Org. Chem. 2017, 2017 (32), 4740. 'H
NMR (500 MHz, CDCls) 6 8.29 (d, J=8.46 Hz, 1H), 7.93 (d, /= 8.85 Hz, 1H), 7.85 (d, /=
8.07 Hz, 1H), 7.54 (t, J=7.67 Hz, 1H), 7.39 (t,J = 8.17 Hz, 2H), 7.28 (s, 1H), 7.01 (q,J =

8.11 Hz, 4H), 2.28 (s, 3H).

4-(p-tolylthio)phenyl)acetanilide (8)
WORGN
H
Following the general procedure: to acetanilide (39.7mg, 0.35mmol) and 1.2
equivalents of 2a the reaction was concentrated under reduced pressure after 16.5 hours. The

crude product was purified by flash column chromatography using silica gel and pure

dichloromethane as the eluent. The purified product was concentrated under reduced pressure
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to afford the expected product as a white solid (43.8mg, 58% yield).The spectral data is in
agreement with the reported literature: Wang, H.; Jiang, L.; Chen, T.; Li, Y. European J.

Org. Chem. 2010, 2010 (12), 2324. '"H NMR (500 MHz, CDCl;) 87.66 (s, 1H), 7.47 —
7.40 (m, 2H), 7.30 — 7.24 (m, 2H), 7.24 — 7.19 (m, 2H), 7.10 (d, J =7.92 Hz, 2H), 2.32 (s,

3H), 2.15 (s, 3H).

(4-methoxyphenyl)(phenyl)sulfane (9)

MeO
Followed general procedure for comparison studies. The spectral data is in agreement
with the reported literature: Hostier, T.; Ferey, V.; Ricci, G.; Gomez Pardo, D.; Cossy, J.

Org. Lett. 2015, 17(15), 3898.

(4-azidophenyl)(4-methoxyphenyl)sulfane (10)
S

MeO N3

Following the general procedure: to anisole (10.4mg, 0.096mmol) and 1.2 equivalents
of 2¢ the reaction was concentrated under reduced pressure after 10 mins. The crude product
was purified by flash column chromatography using silica gel and pure hexanes to 1% ethyl
acetate in hexanes as the eluent. The purified product was concentrated under reduced
pressure to afford the expected product as a white solid (20.8mg, 84% yield). '"H NMR (500
MHz, CDCls) & 7.41 — 7.35 (m, 2H), 7.20 — 7.16 (m, 2H), 6.93 —6.86 (m, 4H), 3.82 (s,

3H). 3C NMR (126 MHz, CDCl;) & 176.4, 142.7, 135.9 (3C), 129.7, 129.6, 120.8, 120.0
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(3C), 114.0, 28.7. LC-HRMS (EI): Calculated C;3sH;1N;OS [M+1]"258.0702 m/z Found:

258.0649 m/z m/z.

(4-methoxyphenyl)(4-nitrophenyl)sulfane (11)
S

MeO N02

Followed general procedure for comparison studies. The spectral data is in agreement
with the reported literature: Roy, S.; Sarma, M. J.; Kashyap, B.; Phukan, P. Chem. Commun.

2016, 52 (6), 1170.

(4-methoxyphenyl)(trifluoromethyl)sulfane (12)
SCF,4

MeO

Followed general procedure for comparison studies The spectral data is in agreement
with the reported literature: Pluta, R.; Nikolaienko, P.; Rueping, M. Angew. Chemie Int. Ed.

2014, 53 (6), 1650.

4-((4-azidophenyl)thio)phenol (13)

HO N

Following the general procedure: to phenol (10.3mg, 0.1 1mmol) and 1.0 equivalent of

2¢ the reaction was concentrated under reduced pressure after 30 min. The crude product was
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purified by flash column chromatography using silica gel and 20 % ethyl acetate in hexanes
as the eluent. The purified product was concentrated under reduced pressure to afford the
expected product as a white solid (21.4mg, 80% yield). '"H NMR (500 MHz, CDCl;) 6 7.36
—7.30 (m, 2H), 7.22 — 7.16 (m, 2H), 6.94 — 6.88 (m, 2H), 6.86 — 6.80 (m, 2H), 5.03 (s,
1H). BC NMR (126 MHz, CDCl;) & 156.0, 138.2, 135.1(2C), 134.6, 130.5(2C), 125.1,

119.8(2C), 116.7(2C). LC-HRMS (EI): Calculated C12HoN3;OS [M-1]242.0387 m/z Found:

242.0394 m/z.

(4-azidophenyl)(mesityl)sulfane (14)

N3

Following the general procedure: to mesitylene (16.2mg,0.135 mmol) and 1.0
equivalent of 2¢ the reaction was concentrated under reduced pressure after 10 minutes. The
crude product was purified by flash column chromatography using silica gel and pure
hexanes as the eluent. The purified product was concentrated under reduced pressure to
afford the expected product as a white solid (28mg, 77% yield). '"H NMR (500 MHz,
CDCl3) 6 7.01 (m, 2H), 6.93 — 6.88 (m, 2H), 6.87 — 6.82 (m, 2H), 2.38 (s, 6H), 2.32 (s,
3H). BC NMR (126 MHz, CDClL) é 143.7 (2C), 139.6, 136.6, 135.0, 129.6 (2C), 127.2

(2C), 127.1, 119.8 (2C), 21.8 (2C), 21.3. LC-HRMS (EI): Calculated C;sH;sN3S [M+1]*

270.1066 m/z. Found: 270.0943 m/z.
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2-(4-azidophenyl)thio)-naproxen (15)

S
OM
YOS
O

Following the general procedure: to naproxen (24.9mg, 0.108mmol) and 1.0

H

equivalent of 2¢ the reaction was added dichloromethane and 1 M HCI in equal volume after
30 minutes. The aqueous layer was extracted 2 times with equal volume, the organic layers
were combined, dried with sodium sulfate filtered and concentrated under reduced pressure.
The crude product was purified by flash column chromatography using silica gel
dichloromethane 100% to 5% methanol in dichloromethane as the eluent. The purified
product was concentrated under reduced pressure to afford the expected product as white
solid (31.2mg, 76% yield). '"H NMR (500 MHz, CDCl;) § 'H NMR (500 MHz, Chloroform-
d) 6 8.40 (d, J=8.78 Hz, 1H), 7.97 — 7.89 (m, 1H), 7.74 (s, 1H), 7.47 (dd, J = 8.86, 1.92
Hz, 1H), 7.35 (d, J=9.10 Hz, 1H), 7.06 — 6.98 (m, 2H), 6.85 — 6.75 (m, 2H), 3.95 (s, 3H),
3.89 (q,J=7.15 Hz, 1H), 1.59 (d, J = 7.17 Hz, 3H).13C NMR (101 MHz, CDCl;) 6 180.0,
159.3, 137.0, 135.6, 135.6, 134.5, 132.2, 129.6 (2C), 128.3,127.9, 126.8, 126.0, 119.6
(20), 113.8, 113.2, 57.0, 45.1, 18.2. LC-HRMS (EI): Calculated CxH;N;0;S" [M-1]°

378.0912 m/z. Found: 378.0913 m/z.
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4-((trifluoromethyl)thio)phenol (16)
HO

SCF,

Following the general procedure: to phenol (15.7mg, 0.17mmol) and 1.2 equivalents
of 2e the reaction was concentrated under reduced pressure after 30 min. The crude product
was purified by flash column chromatography using silica gel and 10% ethyl acetate in
hexanes as the eluent. The purified product was concentrated under reduced pressure to
afford the expected product as a white solid (26.7mg, 81% yield).The spectral data is in
agreement with the reported literature: Xu, C.; Ma, B.; Shen, Q. Angew. Chemie Int. Ed.
2014, 53 (35),9316. "TH NMR (500 MHz, CDCl;) 8 7.59 — 7.48 (m, 2H), 6.90 — 6.84 (m,

2H), 5.31 (s, 1H).

2-butyl-5-((trifluoromethyl)thio)thiophene (17)

S
/\/\E)_SCF?)

Following the general procedure: to n-butylthiophene (139 mg, 0.99 mmol) and 1.05
equivalents of 2e the reaction was concentrated under reduced pressure after 1 hour. The
crude product was purified by flash column chromatography using silica gel and pure
hexanes as the eluent. The purified product was concentrated under reduced pressure to
afford the expected product as a white solid (140.4mg, 59% yield). '"H NMR (400 MHz,
CDClL) 6 7.24 (d, J = 3.7 Hz, 1H), 6.79 (dt, J= 3.6, 1.0 Hz, 1H), 2.87 —2.80 (m, 2H), 1.73
— 1.63 (m, 2H), 1.41 (dq, J = 14.7, 7.4 Hz, 2H), 0.95 (t, J = 7.4 Hz, 3H). *C NMR (126

MHz, CDCls) § 155.7, 139.8, 129.8, 127.4, 125.5, 33.6, 30.4, 22.3, 13.9. F NMR (376
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MHz, CDCls) 6 -46.53, -76.55 (ifa). (APCI): Calculated CoHFS'[M]240.03. Found: 239.8 m/z.

1-((trifluoromethyl)thio)naphthalen-2-ol (18)
SCF;4

T

Following the general procedure: to 2-naphthol (70.0mg, 0.486mmol) and 1.2
equivalents of 2e the reaction was concentrated under reduced pressure after 10 minutes. The
crude product was purified by flash column chromatography using silica gel and pure
hexanes as the eluent. The purified product was concentrated under reduced pressure to
afford the expected product as a white solid (108.0mg, 91% yield). The spectral data is in
agreement with the reported literature: Xu, C.; Ma, B.; Shen, Q. Angew. Chemie Int. Ed.
2014, 53 (35), 9316'H NMR (500 MHz, CDClL;) & 8.41 — 8.32 (m, 1H), 7.94 (d, J = 8.94
Hz, 1H), 7.85 — 7.78 (m, 1H), 7.64 (ddd, J = 8.42, 6.91, 1.33 Hz, 1H), 7.44 (ddd, /= 8.02,

6.86, 1.13 Hz, 1H), 7.32 (d, J= 8.97 Hz, 1H), 6.96 (s, 1H).

3-chloro-4-((trifluoromethyl)thio)phenol (19)
SCF;4

HO Cl

Following the general procedure: to 3-chlorophenol (51.0mg, 0.40mmol) and 1.0
equivalent of 2e the reaction was concentrated under reduced pressure after 10 min. The
crude product was purified by flash column chromatography using silica gel and 20%

ethyl acetate in hexanes as the eluent. The purified product was concentrated under reduced
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pressure to afford the expected product as a white solid (72.2mg, 79%yield). The spectral
data is in agreement with the reported literature: Xu, C.; Ma, B.; Shen, Q. Angew. Chemie Int.
Ed. 2014, 53 (35),9316. "H NMR (500 MHz, CDCl;) § 7.62 (d, J = 8.5 Hz, 1H), 7.05 (d, J =

2.7 Hz, 1H), 6.79 (dd, J = 8.5, 2.7 Hz, 1H), 5.63 — 5.30 (m, 1H).

3-iodo-4-((trifluoromethyl)thio)phenol (20)
SCF,

HO I

Following the general procedure: to 3-iodophenol (in toluene) (43.0mg, 0.20 mmol) and
1.0 equivalent of 2e the reaction was concentrated under reduced pressure after 10 min. The
crude product was purified by flash column chromatography using silica gel and 20% ethyl
acetate in hexanes as the eluent. The purified product was concentrated under reduced pressure
to afford the expected product as a white solid (51.2mg, 80% yield).The spectral data is in
agreement with the reported literature: Xu, C.; Ma, B.; Shen, Q. Angew. Chemie Int. Ed. 2014,
53 (35),9316. "TH NMR (500 MHz, CDCls) 8 7.67 (d, J = 8.50 Hz, 1H), 7.49 (d, J=2.76 Hz,

1H), 6.88 (dd, J = 8.50, 2.72 Hz, 1H), 5.35 (s, 1H).

2-Trifluoromethylthio-naproxen (21)
SCF,4

OM
YOS
HO

Following the general procedure: to Naproxen (24.3mg, 0.1 1mmol) and 1.0
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equivalent of 2e the reaction was added 1M HCI after 2 hours. The aqueous layer was
extracted 2 times with equal volume, the organic layers were combined, dried with sodium
sulfate filtered and concentrated under reduced pressure. The crude product was purified by
flash column chromatography using silica gel and pure hexanes to 10% ethyl acetate in
hexanes as the eluent. The purified product was concentrated under reduced pressure to
afford the expected product as a white solid (32.8mg, 94% yield). 'TH NMR (500 MHz,
CDCL) 6 8.48 (d, J=8.85 Hz, 1H), 7.97 (d, J=9.02 Hz, 1H), 7.73 (d, J = 2.02 Hz, 1H),
7.58 (dd, J = 8.88, 1.86 Hz, 1H), 7.33 (d, J=9.08 Hz, 1H), 4.04 (s, 3H), 3.94 — 3.87 (m,
1H), 1.61 (d, J=7.14 Hz, 3H).3C NMR (126 MHz, CDCl;) 4 180.3, 160.8, 136.4, 135.8,

134.2(2C), 129.4, 128.3 (2C), 126.8 (2C), 125.8, 113.5, 57.0, 45.1, 18.2.1°F NMR (470 MHz,
CDCL:) & -2.47, -76.55(tfa). LC-HRMS (EI): Calculated C;sH;sF305S [M+1]7331.0616 m/z.

Found: 331.0536 m/z.

3-Trifluoromethylthio-tolemtin (22)

@) /O
N OH
W/

SCF,

Following the general procedure: to Tolmetin (33.4mg, 0.13mmol) and 1.2 equivalents of
2e the reaction was added 1M HCI after 16 hours. The aqueous layer was extracted 2 times with
equal volume, the organic layers were combined, dried with sodium sulfate filtered and
concentrated under reduced pressure. The crude product was purified by flash column
chromatography using silica gel (washed with 10% volume triethylamine) 100%

dichloromethane to 10% methanol in dichloromethane as the eluent. The purified product was
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concentrated under reduced pressure to 5 ml of volume, washed with 5 ml 4M HCI. Combined
organics were dried with sodium sulfate filtered and concentrated under reduced pressure to
afford the expected product as an orange solid (32.5mg, 70% yield). '"H NMR (500 MHz,
CDCL) 6 7.75 = 7.70 (m, 2H), 7.31 — 7.26 (m, 2H), 6.92 (s, 1H), 4.00 (s, 2H), 3.98 (s, 3H),
2.44 (s, 3H). 3C NMR (126 MHz, CDCls) 186.1, 173.9, 143.1, 139.6, 136.3, 131.9, 129.7
(20), 129.1 (2C), 128.2, 102.0, 34.7, 30.5, 21.7. °F NMR (376MHz, CDCl;) 3 -45.53, -76.55 (tfa).

LC-HRMS (EI): Calculated CicH4FsNOsS [M+1]" 358.0725 m/z Found: 358.0642 m/z.

N-Mesyl-2-trifluoromethylthio-paroxetine (23)

Ms
N
<O O\\“‘
O SCF,
F

Following the general procedure: to N-mesylparoxetine (321.6mg, 0.789mmol) and
1.2 equivalents of 2e the reaction was added dichloromethane and sodium bicarbonate in
equal volume. The aqueous layer was extracted 2 times with equal volume, the organic layers
were combined, dried with sodium sulfate filtered and concentrated under reduced pressure.
The crude product was purified by flash column chromatography using silica gel hexanes
100% to 40% ethyl acetate in hexanes as the eluent. The purified product was concentrated
under reduced pressure to afford the expected product as white solid (316.3mg, 79% yield).
'TH NMR & (500 MHz, CDCl3) 7.18 — 7.13 (m, 2H), 7.00 (s, 1H), 7.00 — 6.94 (m, 2H),

6.27 (s, 1H), 5.93 (s, 2H), 4.03 (ddd, J =11.93, 4.13, 1.91 Hz, 1H), 3.95 (ddt, J = 11.68,

55



4.83,2.42 Hz, 1H), 3.67 (dd, J = 9.27,2.45 Hz, 1H), 3.57 (dd, J = 9.29, 4.41 Hz, 1H), 2.98
(t, J=11.45 Hz, 1H), 2.87 (td, J =11.59, 5.13 Hz, 1H), 2.77 (td, J = 11.56, 3.70 Hz, 1H),
222 (ttd, J= 11.11, 4.18, 2.54 Hz, 1H), 2.01 — 1.90 (m, 2H). 3C NMR (126 MHz, CDCL)
162.7, 160.8, 156.4, 151.8, 141.7, 138.3, (quartet 133.3, 130.9, 128.4, 125.9) 128.9, 128.9,
117.1, 115.8, 115.6, 102.2, 95.7, 68.9,49.0, 46.7, 42.8, 42.1, 34.3, 33.4.°F NMR (376 MHz,

CDCls) § -43.86, -76.55 (tfa), 116.39. LC-HRMS (EI): Calculated CaiHa FsNOsS, [M+1]508.0876

m/z Found:508.0765 m/z.
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Chapter 3

Peptide Stapling Via Tryptophan Selective Sulfenylation

3.1 Abstract

Peptide stapling has emerged as a powerful strategy for stabilizing a-helical structures
and enabling the modulation of protein—protein interactions (PPIs) that are difficult to target with
traditional small molecules. Despite substantial progress, most stapling chemistries rely on
noncanonical amino acids, transition-metal catalysts, or residues such as cysteine that are not
always compatible with complex peptide environments. Here we report a fundamentally new
stapling platform based on Lewis base/Bronsted acid dual-catalyzed C2 sulfenylation of
tryptophan, an underexploited yet highly conserved residue at many PPI interfaces. Using
tunable N-thiosuccinimide PEG linkers, we demonstrate selective i,i+4 macrocyclization under
mild, metal-free conditions without perturbing sensitive functional groups such as free cysteine
or lysine. Initial model studies validated the formation of Trp—Trp staples, and subsequent
application to both established (BID-BCL-2, Axin—-catenin) and unexplored (NHE-1, NF-xB
p50) targets revealed robust helicity enhancement and sequence-dependent tunability. Circular
dichroism analyses indicate that the tetra-PEG linker provides optimal helix stabilization,
achieving helicity levels comparable to hydrocarbon-stapled analogs while offering improved
synthetic accessibility. This work establishes tryptophan as a viable and strategic anchoring site
for peptide macrocyclization and expands the chemical toolbox available for stabilizing a-helices

and interrogating challenging PPIs.

3.2 Introduction
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A. Previous peptide stapling methods
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Figure 3-1 A.) Examples of current peptide stapling techniques. B.) Our peptide stapling
chemistry.

Peptides represent a powerful class of molecules capable of engaging protein—protein
interactions, PPIs, that are often inaccessible to small molecules'~. Despite their promise, linear
peptides typically suffer from low stability®*, poor pharmacokinetics™®, and limited cell
permeability’®. The introduction of side-chain cross-links, or “staples,” has proven to be an
elegant solution to these challenges, locking peptides into their bioactive helical conformations
and improving biological function®!'°. Among the pioneering contributions to this field was the
introduction of hydrocarbon stapling by Verdine and Walensky'!, in which noncanonical olefin-
bearing amino acids are incorporated into peptides and subjected to ruthenium-catalyzed ring-

closing metathesis'>!3. This approach remains the most widely recognized and has set the
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benchmark for peptide stapling. Nevertheless, it requires the use of non-natural building blocks
and organometallic catalysts, complicating both synthesis and potential therapeutic translation'?.

Alternative methods such as azide—alkyne cycloaddition, “click” chemistry, have
provided orthogonal means of generating triazole-stapled peptides!>'®. These strategies, while
efficient, also rely on noncanonical amino acids and copper catalysis. Cysteine-based methods
have attracted considerable attention because of the high nucleophilicity of the thiol side chain!’.
Perfluoroaryl-based nucleophilic aromatic substitution and bis-alkylation with alkyl halides are
among the more common cysteine-directed approaches'®!°. While selective in certain contexts,
cysteine stapling is not universally applicable, particularly when multiple cysteines are present in
the peptide. More generally, many of the current methods suffer from three key limitations: the
need for noncanonical amino acids, selectivity issues that arise in more complex sequences, and
the reliance on transition metal catalysts that may complicate downstream applications®®2!,

The impact of peptide stapling has been most clearly demonstrated in systems such as
BH3-domain peptides??, where stabilized helices targeting BCL-2 family proteins regulate
apoptosis, and in the Wnt/B-catenin signaling axis*, where stapled Axin-derived peptides have
provided insights into oncogenic signaling. Additional studies have highlighted improved
stability, protease resistance, and serum half-life of stapled peptides in vivo**. These examples
illustrate the power of stapling but also highlight the lack of methods that combine efficiency,
selectivity, and broad applicability to novel targets. For this reason, there remains a significant
need for new chemistry that avoids the pitfalls of existing techniques while expanding the scope
of PPIs that can be addressed.

In pursuit of such an approach, we developed a Lewis base/Breonsted acid-catalyzed

sulfenylation of tryptophan using N-thiosuccinimide polyethylene glycol, PEG, linkers. Unlike
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cysteine, which has been heavily leveraged in stapling chemistry, tryptophan is rarely targeted
despite its unique reactivity>>?®. The indole side chain possesses nucleophilicity at the C2
position that can undergo selective functionalization, making it an attractive anchor for covalent
modification. Moreover, tryptophan residues are highly conserved at protein—protein interfaces?’,
suggesting that they may serve as natural anchoring sites for stapling strategies. Our method
exploits this reactivity under mild, metal-free conditions and allows i,i+4 stapling through
tunable PEG-based linkers, affording high selectivity without perturbing cysteine or lysine

residues.

3.3 Results and Discussion

o)
S g5
o) N o) N
H H /J—OH 4

N o) o
/ 0 Q
HN \ N 7 NH >
BocHN N H O CHCly (1.0M), TFOH (10 mol %), tt, 18 h
1 A0

Figure 3-2 Sulfenylation of a short 4 amino acid peptide using our diethylene glycol based
sulfenylating reagent

We began with synthesizing a short 4 amino acid peptide to establish proof of concept
that we can tether two tryptophans on the same peptide together with a polyethylene glycol-
based linker, Figure 3.2. The short peptide (1) contained two tryptophans at an 7, i + 4
configuration with glycine and proline in between. We started with the diethylene glycol based
sulfenylating linker (4) with Lewis base catalyst (3) and triflic acid as our Bronsted Acid co-
catalyst. The reaction was performed in chloroform at (1.0M) at room temperature and was

monitored by matrix assisted laser desorption ionization, MALDI, mass spectrometry. This form
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of mass spectrometry is useful in getting quick qualitative information about a reaction by
allowing us to quickly spot an aliquot of our reaction on a plate and get instant mass analysis.
This reaction proved successful by MALDI mass spectroscopy and gave us the evidence we
needed to move forward with the project. We theorize the electrophilicity of the N-
thiosuccinimide moiety is activated by a dual catalytic system. Initial activation occurs via triflic
acid, which protonates the carbonyl oxygen and withdraws electron density from the adjacent
sulfur atom. This enhanced polarization facilitates nucleophilic engagement by the selenide
catalyst, which inserts into the sulfur with displacement of the succinimide leaving group. The
resulting seleno-sulfur intermediate exhibits a well-defined affinity for the indole within

tryptophan, enabling selective electrophilic aromatic substitution at the C2 position.

A. Polyethylene glycol based N-thiosuccinimide sulfenylating reagent linkers
o] (0] o]
q ? q { o O
No o~ O _~..N Noia O Se
S S S O N N. o (0] N
O N 4 §TNAEN NN NN g
O (6]
4 5 o) 6

B. General synthetic strategy for the polyethylene glycol based linkers (n= 1,2,3)
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Figure 3-3 A.) Polyethylene glycol based sulfenylating reagents that we used to staple our
tryptophan-containing peptides. B.) The synthetic strategy for our various length polyethylene
glycol based sulfenylating reagents.

107



We then synthesized a series of PEG linkers to evaluate the optimal length for promoting
a-helical stabilization. Straightforward derivatization of commercially available polyethylene
glycols furnished the corresponding N-thiosuccinimide PEG linkers di- (4), tri- (5), and tetra-
(6), as illustrated in Figure 3.3. PEG linkers have been shown to be an effective tool in modern
bioconjugation as their lengths are highly tunable, they have low toxicity, and they offer high

solubility in a biological environment®®

. We started with reacting cheap and readily available
polyethylene glycol with p-toluene sulfonyl chloride, TsCl, to create tosylates, (7), (8), and (9).
The new tosylate groups are great leaving groups and allow for thioacetate to attack and replace
the tosylates to afford thioacetates (10), (11), and (12). To generate thiols (13), (14), and (15) we
reduced our thioacetates with lithium aluminum hydride, LAH. N-chlorosuccinimide is then used
as an electrophilic chlorine source to chlorinate the thiols. The chlorinated thiols are then

attacked by deprotonated succinimide displacing the chloring leaving group to yield our

sulfenylating linkers (4), (5), and (6).
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Figure 3-4 Molecular docking of peptide CHP with binding partner NHE-1. “Hot spot” residues
highlighted in orange. Tryptophan amino acids and diethylene glycol based linker (4) highlighted
in teal.

When investigating novel peptide stapling targets one approach is to dock the helical
peptide with its binding partner to determine the binding face and “hot spot” residues. Bobby
Aurora coined this term which means residues that are most responsible for the binding affinity
of the peptide to its binding target®. Altering or replacing these “hot spot” residues can lead to a
decrease in binding affinity so when designing a peptide stapling target, we want to place our
amino acid targets on the opposite face of these residues. This ensures that the “staple” or linker
does not interfere with the peptide-protein interaction. Figure 3.4 illustrates the molecular
binding of a peptide derived from CHP and its binding target NHE-1. This PPI is well studied by
Joseph Provost®! but is a novel target for peptide stapling. This PPI is involved in regulating

extracellular pH. Inbalance in this PPI can increase cancer metastasis. Figure 3.4 shows the “hot
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spot” residues highlighted in orange with the tryptophan on the opposite face bound together by
linker (4) highlighted in teal.

Our other peptide stapling target interactions are BID-BH3/BCL-2, Axin/Wnt, and NF-
kB p50/1xkB(. The BID-BH3/BCL-2 PPI is arguably to most studied peptide stapling target and is
involved in inducing apoptosis®%. In some types of cancer, this PPI is improperly regulated and
allows for increased cancer cell proliferation. Axin/Wnt is another famous peptide stapling target
and involves regulation of the Wnt/B-catenin pathway which is a crucial cell signaling pathway
that regulates key processes like cell proliferation, differentiation, and embryonic development?>.
The NF-kB p50/1kB{ PPI is responsible for controlling the expression of specific inflammatory
genes in activated immune cells like macrophages®2. For the well-studied targets we used the
optimized amino acids locations (i, i +4) from literature to install our tryptophan residues where
the artificial alkene containing amino acids would be located in the case of the RCM method
used to study these PPIs. For the novel targets we placed our target Tryptophan residues on the
opposite side of the binding face while not disturbing the “hot spot” residues.

Upon initial reactivity testing of these peptides with water as the solvent. The p50 peptide
was the only peptide that showed reactivity. This peptide was used for initial optimization as
shown in Table 3.1. Initially we were getting inconsistent results with the reactivity in which
some experiments would produce inconsistent quantities of the dimer product shown in Table
3.1. This dimer product is a result of two peptides being bound together with one equivalence of
the linker. We found that the order of addition for the reaction influenced this inconsistency. To
deliver consistent results the peptide needs to be first dissolved and stirred in solvent to help

distribute the peptide and then the Lewis base and sulfenylating reagent can be added. The
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Table 3-1 Optimization table for our peptide stapling technique.

Dimer
0 O}? _NH NH HN
N, o ~ N o
R e It
solvenl.nacld(. r)l 18h S:}/ *
Se. = ~
NH \O/©/ 3 @o’ ENH BNH HNg
SM P D
entry peptide solvent molarity, M cat3load acid (equiv) linker 4 equiv conversion (SM:D:P)?
1 P50 Water 0.01M 0.1 TfOH (0.1) 1 (0:75:25)
2 P50 Water 0.005M 0.1 TfOH (0.1) 1 (0:5:95)
3 P50 Water 0.0025M 0.1 TfOH (0.1) 1 (1:98:1)
4 P50 Water 0.00125M 0.1 TfOH (0.1) 1 (0:80:20)
5 P50 Water 0.005M 0.1 No Acid 1 (0:90:10)
6 P50 Water 0.005M 0.1 HCL(0.1) 1 (0:80:20)
8 P50 Water 0.005M 0.1 HCL (100) 1 (0:60:40)
9 P50 Water 0.005M 0.2 TfOH (0.1) 1 (0:90:10)
10 P50 Water 0.005M 0 TfOH (0.1) 1 (95:5:0)
11 BID Water 0.005M 0.1 TfOH (0.1) 1 (100:0:0)
12 BID ACN 0.005M 0.1 TfOH (0.1) 1 (100:0:0)
13 EID IPA 0.005M 0.1 TfOH (0.1) 1 (100:0:0)
14 BID HFIP 0.005M 0.1 TfOH (0.1) 1 (52:2:46)
15 BID HFIP 0.005M 0.1 TfOH (0.1) 1.5 (18:6:76)
16 EBID HFIP 0.005M 0.1 TfOH (0.1) 2 (5:8:87)
17 BID HFIP 0.005M 0.1 TfOH (0.1) 3 (5:25:70)
18 EBID HFIP 0.005M 0.1 TFA(1) 2 (12:5:83)
19 NHE HFIP 0.005M 0.1 TfOH (0.1) 2 (0:29:71)
20 AXIN HFIP 0.005M 0.1 TfOH (0.1) 2 (0:42:58)

aConversions were measured through LCMS analysis.

reaction is stirred again before the Bronsted acid was added. Table 3.1 shows the results of
optimization using this proper order of addition. To start the optimization, we wanted to dissolve
the peptide at a low concentration to reduce the proximity of the peptides to each other in
solution. We found that the best concentration for this reaction is 0.005M found in Table 3.1
entry 2. This condition proved to be the most effective at generating our desired stapled product
(P) with 95% conversion. We then applied this optimized condition to the BID peptide in Table
3.1 entry 11. Under these conditions the peptide was not soluble in water and showed zero

conversion to either of the products. We found that the peptide was soluble in isopropyl alcohol
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but still showed zero conversion, Table 3.1 entry 13. After testing several different solvents we
found 46% conversion for BID peptide from the use of hexafluoroisopropyl alcohol, Table 3.1
entry 14. We found that increasing the equivalence of the linker gave us increased conversion
with only slight increase in the dimer product. Ultimately, we found that with 2 equivalence of
the linker showed the best results for the water insoluble peptide BID with 87% conversion to
our desired stapled peptide product P, Table 3.1 entry 16. We applied this condition to NHE and

Axin and got 71% and 58% respectively, Table 3.1 entries 19 and 20.
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Figure 3-5 Circular dichroism spectra of the native BID peptide and the three different length
linkers and their respective helicities.

Using di-(4), tri-(5), and tetra-(6) PEG N-thiosuccinimide linkers and our optimized
condition, we evaluated the ability of our method to induce a-helicity. Circular dichroism
analysis of the stapled BID peptides in Figure 3.5 revealed that the tetra-PEG linker provided the
optimal spacing for 7,i+4 Trp-stapling. Achieving helicity comparable to that of RCM-stapled

analogs at 87.3% helicity. The Di- had the lowest helicity at 64.6% and is likely due to its tighter
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constraint on the peptide which could potentially cause contortion of its three-dimensional shape.
The Tri- showed very similar helicity to the Tetra- with 81.5% helicity. The native BID peptide
showed 18.9% helicity which is higher than typically seen from the BID alkene integrated
residues used for the RCM method. Nonetheless, we see an increase in helicity by greater than 4

times with our tetra linker when compared to the native peptide.
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Figure 3-6 Circular dichroism spectra of native Axin peptide and the tetra stapled Axin peptide
and their respective helicities.

Having established optimal length, we next applied the optimized tetra-PEG stapling
conditions to our Axin-derived peptide, Figure 3.6. Similarly to the BID peptide we see greatly
enhanced helicity with the introduction of our tetra linker, 82.3%, confirming that our approach
is generalizable beyond BID peptides and validating its application to established stapled-peptide
targets. Encouraged by these results, we turned to our unexplored peptide stapling targets, NHE
and p50. We see helicity of NHE-1 up to 38.9% compared to its native 8.7%, Figure 3.7. The
stapled p50 peptide saw helicity up to 64.1% compared to its native 16.5%. Our chemistry

successfully stapled these novel targets but did not induce the same level of helicity as the well-
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studied targets. As shown in peptide stapling literature, the same stapling chemistry can range
from 10-80% helicity with just a change of staple location on the same peptide**. This positional
dependence is a known hallmark of helix stabilization and must be accounted for in the design of
tryptophan-based staples®>. More research needs to be done on these novel targets to optimize the

location of the staple within the peptide.
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Figure 3-7 Circular dichroism spectra of native NHE-1 peptide and the tetra stapled NHE-1
peptide and their respective helicities.

114



—— Native P50 (16.5%)
60k~ —— Tetra- P50 (64.1%)

'T:n
9 40k+
o
-
a
[e]
g 20k
oy
o
s 04
1
o
5 20k
o
[7]
=
o —40k+

—-60k

T T T T T T
190 200 210 220 230 240 250

Wavelength (nm)

Figure 3-8 Circular dichroism spectra of native p50 peptide and the tetra stapled p50 peptide and
their respective helicities.

3.4 Conclusions

In summary, we have established a tryptophan-selective, metal-free stapling strategy that
expands the chemical repertoire available for stabilizing a-helical peptides. By harnessing the
unique reactivity of the indole side chain toward N-thiosuccinimide PEG linkers under Lewis
base/Bronsted acid dual catalysis, we achieved efficient 7,i+4 cross-linking without the need for
noncanonical amino acids or transition metals. Benchmarking on the BID BH3 helix
demonstrated that our tetra-PEG staple can induce helicity on par with the well-established RCM
approach, while offering a more streamlined and biocompatible synthesis. The successful
extension of this methodology to Axin peptides further underscores its generalizability to known
stapling targets. Importantly, our application of this chemistry to the NHE/CHP-1 and NF-xB
p50/IkB( interfaces introduces two previously untapped systems into the stapled peptide

landscape, illustrating its potential to broaden the range of biologically relevant PPIs that can be
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addressed. Although further work is required to refine staple positioning in these novel contexts,

the ability to access high yields and enhanced helicity across multiple targets highlights the

promise of this approach. Taken together, these results provide both a new chemical strategy for

peptide stapling and a foundation for future exploration of therapeutically important protein

interactions using Tryptophan targeted macrocyclization.

3.5 Abbreviations

PPI, protein-protein interactions; PEG, polyethylene glycol; TFA, CF30:H,

trifluoroacetic acid; SgAr, Electrophilic aromatic substitution; IPA, isopropyl alcohol; HFIP,

hexafluoroisopropyl alcohol; CD, circular dichroism; MALDI, matrix assisted laser desorption

ionization; NMR, nuclear magnetic resonance; EDG, electron donating group; EWG, electron

withdrawing group; TfOH, trifilic acid, trifluoromethanesulfonic acid; eq., equivalence; CHCI3,

chloroform; Me, methyl; H, hydrogen; OMe, methoxy; RPM, revolutions per minute.
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3.7 Supplemental Information

Synthesis of the Stabilized Alpha Helical Peptides

Peptides were synthesized by Biomatik and GenScript with Tryptophan flanking three
amino acids in the 7, i+4 positions within the peptide. BID peptide sequence: Ac-
EDIIRNIARHLAWVGDWMDRSI-OH. P50 peptide sequence: Ac-KDKEEVWRKRWKILMP-
OH. NHE peptide sequence: Ac-WIHTWFLDHLLTGIE-OH. Axin peptide sequence: Ac-
ENPEWILDWHVQRVM-OH. Each peptide (0.005 mmol) was added to a clear GC vial and
dissolved in solvent. A micro stir bar was added. Stock solutions of the Lewis base catalyst in
CHCI; (0.04mg/mL) and the sulfenylating reagent in DCM (0.06mg/mL) were added. The
reaction was stirred for 2 minutes then the acid stock solution in was added. The acid stock
solution was made immediately before each reaction and the solvent and concentration depended
on the acid being used. HCI solution was made in water and TfOH (0.005pL/mL) and TFA
(0.1uL/mL) solutions were made in CHCls. Acid stock solutions were mixed by drawing the
solution up and down in a glass Pasteur pipette repeatedly. TfOH stock solution would become
cloudy upon mixing. The reaction was stirred overnight at room temperature then analyzed by
LC/MS. The reaction was purified by reverse phase HPLC using an Agilent Zorbax SB C-18

column. The resulting fractions were lyophilized and analyzed by CD spectrometry.

Circular Dichroism

Compounds were dissolved in a 70:30 water:acetonitrile solution to concentrations of 25-

50 uM. CD spectra were obtained on a Jasco J-110 spectropolarimeter at 20°C using the
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following standard measurement parameters: wavelength, 190-260 nm; step resolution, 0.5 nm;
speed, 1000 nm/min; accumulations, 10; response, 1 sec; bandwidth, 1 nm; path length, 0.1 cm.
The a-helical content of each peptide was calculated by dividing the mean residue ellipticity

[©]2220bs by the reported [¢]2220bs for a model helical decapeptide.
Linker Synthesis

2,2'-oxybis-, 1,1’-bis(4-methylbenzenesulfonate) (7)

Diethylene Glycol (2.43g, 22.9mmol) and crushed potassium hydroxide (8 eq) were
added to a round bottom flask under argon gas and dissolved in dry THF (0.6 M) stirred for 10
minutes. Solution becomes cloudy and p-toluenesulfonic acid (2.2 eq) was added at 0°C, allowed
to warm to room temperature and stirred for 18 hours. The resulting solution is diluted and
vacuum filtered. Filtrate is dried over sodium sulfate and evaporated to yield a white solid
(8.90g, 93.6% yield). The spectral data is in agreement with the reported literature: Roy, R.K.
and Ramakrishnan, S. 2013, Polym. Chem., 51: 4125-4135. "TH NMR (400 MHz, CDCl;) § 7.787
(d, J=17.23 Hz, 4H), 7.39 (d, J = 7.86 Hz, 4H), 4.08 (d, J = 5.80 Hz, 4H), 3.60 (d,J=5.17,4H),

2.45 (s, 6H).

8,5'-(oxydi-2,1-ethanediyl) ester (10)
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)j\ S/\/ O\/\ SJJ\

Added to a round bottom flask was Compound (7) (8.90g, 21.5mmol), potassium
thioacetate (5 eq), and sodium iodide (0.1 eq) dissolved in acetone (0.1M). Solution thickens
upon heating and becomes a cloudy brown. Stirred and refluxed for 18 hours. Solution is
evaporated. Dissolved in water and extracted with DCM. DCM fractions combined and washed
with brine solution. Dried over sodium sulfate and evaporated to yield a dark red oil. Product
smells strongly of sulfur (4.16g, 87% yield). The spectral data is in agreement with the reported
literature: Scullion, L. E.; Leary, E.; Higgins, S. J.; Nichols, R. J. J. Phys.-Condens. Mat. 2012,
24,164211-164219. 'TH NMR (400 MHz, CDCl3): 6 =3.56 (t,J= 6.4 Hz, 4 H), 3.05 (t, /= 6.4

Hz, 4 H), 2.32 (s, 6 H)

2,2’-Oxydi-1-ethanethiol (13)
Hs” O~

Compound (10) (3.23g, 14.5 mmol) was measured into a vial under Argon then diluted
with dry THF (1.8M). Lithium aluminum hydride (4 eq) was added to a round bottom flask and
suspended in dry THF (0.6M). Suspended LAH was cooled to 0°C and solution of compound
(10) was added dropwise and stirred overnight at room temperature. The reaction was then
cooled to 0°C in an ice bath and quenched with a saturated sodium sulfate water solution until no
more gas is produced. To the quenched reaction 10 mL 1M HCI was added and stirred for 5
minutes. Reaction mixture was added to a separatory funnel along with 50mL 1M HCI solution.

The mixture was extracted with DCM, dried over sodium sulfate, and evaporated to yield a crude

dark red oil. The crude oil was purified by flash column chromatography to yield a light orange
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oil (1.71g, 85.1% yield). The spectral data is in agreement with the reported literature: Roy, R.K.
and Ramakrishnan, S. 2013, Polym. Chem., 51: 4125-4135. 'TH NMR (400 MHz, CDCls): 1.7 (t,

J=8.28 Hz, 2H); 2.70 (q, J = 7.25 Hz, 4H), 3.61 (t, J = 7.59 Hz, 4H)

1,1’-[Oxybis(2,1-ethanediylthio)]bis[2,5-pyrrolidinedione] (4)

O O

N\S/\/O\/\S,N

Compound (13) (225.3mg, 1.630 mmol) was measured into a vial under argon. N-
Chlorosuccinimide (2.2 eq) was added to a round bottom flask and suspended in dry DCM (0.4
M) cooled in an ice bath to 0°C. Compound (13) was added dropwise to the solution of NCS at
0°C and stirred for 20 minutes. Triethylamine (2.3 eq) was dissolved in dry DCM (2.8M) and
added dropwise to solution of (13) and NCS at 0°C. The reaction was allowed to warm to room
temperature while it stirred for 2.5 hrs. The reaction was washed with brine solution four times.
The organic layer was dried over sodium sulfate and evaporated to give a light orange/red oil.
The crude oil was purified by flash column chromatography to yield a slightly yellow oil
(137.8mg, 26.0% yield). The spectral data is in agreement with the reported literature: Jun Yoo,
Denison J. Kuruvilla, Sheetal R. D’Mello, Aliasger K. Salem, and Ned B. Bowden,
Macromolecules 2012 45 (5), 2292-2300. 'TH NMR (400 MHz, CDCl3): 6 2.81 (s, 8H), 2.91 (t,

4H, T =5.9 Hz), 3.63 (t, 4H, J = 6.0 Hz)

1,8-Bis(tosyloxy)-3,6-dioxaoctane (8)
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Triethylene Glycol (3.45g, 22.9mmol) and crushed potassium hydroxide (8 eq) were
added to a round bottom flask under argon gas and dissolved in dry THF (0.6 M) stirred for 10
minutes. Solution becomes cloudy and p-toluenesulfonic acid (2.2 eq) was added at 0°C, allowed
to warm to room temperature and stirred for 18 hours. The resulting solution is diluted and
vacuum filtered. Filtrate is dried over sodium sulfate and evaporated to yield a purple solid
(10.09g, 96.0% yield). The spectral data is in agreement with the reported literature: Daniel J.
Keddie, John B. Grande, Ferdinand Gonzaga, Michael A. Brook, and Tim R. Dargaville,
Organic Letters 2011 13 (22), 6006-6009. 'H NMR (400MHz, CDCls): § 2.43 (6H, s), 3.55 (4H,
s), 3.67 (4H, t,J =4.1 Hz,), 4.14 (4H,t,J =4.1 Hz,), 7.33 (4H,d, J=7.6 Hz,), 7.78 (4H, d, ] =

7.6 Hz,)

2,2’-(Ethylenedioxy)diethanethioacetate (11)
O
)J\ s NN NS \n/
O
Added to a round bottom was Compound (8) (7.64g, 16.6mmol), potassium thioacetate (5
eq), and sodium iodide (0.1 eq) dissolved in acetone (0.1M). Solution thickens upon heating and
becomes a cloudy brown. Stirred and refluxed for 18 hours. Solution is evaporated. Dissolved in

water and extracted with DCM. DCM fractions combined and washed with brine solution. Dried
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over sodium sulfate and evaporated to yield a dark red oil. Product smells strongly of sulfur
(3.96g, 88.9% yield). The spectral data is in agreement with the reported literature: Daniel J.
Keddie, John B. Grande, Ferdinand Gonzaga, Michael A. Brook, and Tim R. Dargaville,
Organic Letters 2011 13 (22), 6006-6009. 'H NMR (400MHz, CDCls): § 2.28 (6H, s), 3.03 (4H,

t, ] = 6.3 Hz), 3.56- 3.67 (8H, m)

2,2’-(Ethylenedioxy)diethanethiol (14)
HS /\/O\/\O A~ SH

Compound (11) (5.26g, 19.7 mmol) was measured into a vial under Argon then diluted
with dry THF (1.8M). Lithium aluminum hydride (4 eq) was added to a round bottom flask and
suspended in dry THF (0.6M). Suspended LAH was cooled to 0°C and solution of compound
(11) was added dropwise and stirred overnight at room temperature. The reaction was then
cooled to 0°C in an ice bath and quenched with a saturated sodium sulfate water solution until no
more gas is produced. To the quenched reaction 10 mL 1M HCI was added and stirred for 5
minutes. Reaction mixture was added to a separatory funnel along with 50mL 1M HCI solution.
The mixture was extracted with DCM, dried over sodium sulfate, and evaporated to yield a crude
dark red oil. The crude oil was purified by flash column chromatography to yield a light orange
oil (3.16g, 87.8% yield). The spectral data is in agreement with the reported literature: Daniel J.
Keddie, John B. Grande, Ferdinand Gonzaga, Michael A. Brook, and Tim R. Dargaville,
Organic Letters 2011 13 (22), 6006-6009. 'TH NMR (400 MHz, CDCl3): 6 1.59 (2H, t, J= 8.2

Hz), 2.69 (4H, dt, J = 6.3 and 8.2 Hz), 3.57-3.66 (12H, m)

1,1’-[Oxybis(2,1-ethanediylthio)]bis[2,5-pyrrolidinedione] (5)
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Compound (14) (223.5mg, 1.226 mmol) was measured into a vial under argon. N-
Chlorosuccinimide (2.2 eq) was added to a round bottom flask and suspended in dry DCM (0.4
M) cooled in an ice bath to 0°C. Compound (14) was added dropwise to the solution of NCS at
0°C and stirred for 20 minutes. Triethylamine (2.3 eq) was dissolved in dry DCM (2.8M) and
added dropwise to solution of (14) and NCS at 0°C. The reaction was allowed to warm to room
temperature while it stirred for 2.5 hrs. The reaction was washed with brine solution four times.
The organic layer was dried over sodium sulfate and evaporated to give a light orange/red oil.
The crude oil was purified by flash column chromatography to yield a slightly yellow oil
(112.5mg, 24.4% yield). '"H NMR (400 MHz, CDCls): § 3.71 (t, J = 6.1 Hz, 4H), 3.51 (s, 4H),
3.00 (t,J = 6.1, 4H), 2.83 (s, 8H). 13C NMR (126 MHz, CDCls): 6 177.8,77.4,77.1, 76.7, 29.6,

28.7 LC-HRMS (EI): Calculated C14H2N206S2[M+Na]*399.0661 m/z Found: 399.0672 m/z.

1,8-Bis(tosyloxy)-3,6-dioxaoctane (9)

O O

Yy

[\
CSIS \O/\/O\/\O/\/O\/\O’S\b

Tetraethylene Glycol (4.06g, 20.9mmol) and crushed potassium hydroxide (8 eq) were

added to a round bottom flask under argon gas and dissolved in dry THF (0.6 M) stirred for 10
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minutes. Solution becomes cloudy and p-toluenesulfonic acid (2.2 eq) was added at 0°C, allowed
to warm to room temperature and stirred for 18 hours. The resulting solution is diluted and
vacuum filtered. Filtrate is dried over sodium sulfate and evaporated to yield a white solid
(9.53g, 90.1% yield). The spectral data is in agreement with the reported literature: Bonger, K.
M.; van den Berg, R. J. B. H. N.; Heitman, L. H.; IJzerman, A. P.; Oosterom, J.; Timmers, C.
M.; Overkleeft, H. S.; van der Marel, G. A. Bioorgan. Med. Chem. 2007, 15, 4841-4856. H
NMR (400 MHz, CDCl3): 6 =7.76 (d,J=8.3 Hz,4 H,), 7.31 (d, /J=8.6 Hz, 4 H), 4.08 (t, J =

4.8 Hz, 4 H), 3.68 (t, J= 9.6 Hz, 4H), 3.48 (s, 12 H,), 2.42 (s, 6 H)

2,2'-(Ethylenedioxy)diethanethioacetate (12)

O O
)LS/\/O\/\O/\/O\/\S)J\

Added to a round bottom was Compound (9) (10.53g, 20.9mmol), potassium thioacetate
(5 eq), and sodium iodide (0.1 eq) dissolved in acetone (0.1M). Solution thickens upon heating
and becomes a cloudy brown. Stirred and refluxed for 18 hours. Solution is evaporated.
Dissolved in water and extracted with DCM. DCM fractions combined and washed with brine
solution. Dried over sodium sulfate and evaporated to yield a dark red oil. Product smells
strongly of sulfur (4.78g, 73.4% yield). The spectral data is in agreement with the reported
literature: Keddie, D. J.; Grande, J. B.; Gonzaga, F.; Brook, M. A.; Dargaville, T. R. Org. Lett.
2011, 73, 6006-6009. 'TH NMR (400 MHz, CDCl3): 6 3.63-3.55 (m, 12 H), 3.05 (t,J= 6.5 Hz,

4 H), 2.30 (s, 6 H)
2,2'-(Ethylenedioxy)diethanethiol (15)
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HS/\\/O\//\O/\\/O\“/\SH

Compound (12) (4.77g, 15.4 mmol) was measured into a vial under Argon then diluted
with dry THF (1.8M). Lithium aluminum hydride (4 eq) was added to a round bottom flask and
suspended in dry THF (0.6M). Suspended LAH was cooled to 0°C and solution of compound
(12) was added dropwise and stirred overnight at room temperature. The reaction was then
cooled to 0°C in an ice bath and quenched with a saturated sodium sulfate water solution until no
more gas is produced. To the quenched reaction 10 mL 1M HCI was added and stirred for 5
minutes. Reaction mixture was added to a separatory funnel along with 50mL 1M HCI solution.
The mixture was extracted with DCM, dried over sodium sulfate, and evaporated to yield a crude
dark red oil. The crude oil was purified by flash column chromatography to yield a light orange
oil (3.18g, 91.0% yield). The spectral data is in agreement with the reported literature: Keddie,
D. J.; Grande, J. B.; Gonzaga, F.; Brook, M. A.; Dargaville, T. R. Org. Lett. 2011, 13, 6006—
6009. 'TH NMR (400 MHz, CDCls): 6 3.68-3.57 (m, 12 H), 2.68 (dt, J= 8.1, 6.4 Hz, 4 H), 1.59

(t, J=8.1 Hz, 2 H)

1,1’-[Oxybis(2,1-ethanediylthio)|bis[2,5-pyrrolidinedione] (6)

O @)
N O O N
N S/\/ Y S O/\/ NN s”
Compound (15) (224.7mg, 0.9927 mmol) was measured into a vial under argon. N-
Chlorosuccinimide (2.2 eq) was added to a round bottom flask and suspended in dry DCM (0.4

M) cooled in an ice bath to 0°C. Compound (15) was added dropwise to the solution of NCS at

0°C and stirred for 20 minutes. Triethylamine (2.3 eq) was dissolved in dry DCM (2.8M) and
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added dropwise to solution of (15) and NCS at 0°C. The reaction was allowed to warm to room
temperature while it stirred for 2.5 hrs. The reaction was washed with brine solution four times.
The organic layer was dried over sodium sulfate and evaporated to give a light orange/red oil.
The crude oil was purified by flash column chromatography to yield a slightly yellow oil
(113.9mg, 27.3% yield). 'H NMR (400 MHz, CDCl3): § 3.71 (t, J = 6.2 Hz, 4H), 3.54 (s, 8H),
2.99 (t,J = 6.7, 4H), 2.81 (s, 8H). 13C NMR (126 MHz, CDCl3): 6 177.3,77.4,77.1, 76.8, 70.8,
doublet (70.5, 70.4), 37.1, 28.6. LC-HRMS (EI): Calculated CisH24N>O7S>[M+Na]"443.09171

m/z Found: 443.0938 m/z.

NMR Spectra
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Figure 3-11 13C, (CDCl3), 400 MHz (5)
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Figure 3-23 HPLC trace for p50, Table 3.1 entry 2
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141




X102 IDAD1 - A:Sig=260,4 Ref=360,100 ZEB-179 bid.d

1.8
1.6
1.4
1.2

0.8 N I
0.67]
0.4
0.2

o

& 7 & © 10 1 12 13934 15 16 17 1819 W 21 1 230 2

T T
4 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39

Response Units vs. Acquisition Time (min)

Figure 3-24 HPLC trace for BID, Table 3.1 entry 16
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Figure 3-25 HPLC trace for NHE, Table 3.1 entry 19
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