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DISSERTATION ABSTRACT
Turner D. Newton
Doctor of Philosophy
Department of Chemistry and Biochemistry
September 2022

Title: Development of Chemical Tools for the Delivery of Hydrogen Selenide to
Biological Environments

Hydrogen selenide (H.Se) is the central species in the selenium metabolic cycle,
sitting at the crossroads of protein-synthetic and excretory pathways. Despite its
importance in biology and potential for therapeutic applications, this species has received
limited attention from researchers in the past. Commonly used methods for studying
H>Se in biology are confined to solutions of H.Se/HSe— prepared through hydrolysis of
selenide salts or reduction of elemental selenium, but significant drawbacks are presented
with these techniques that prevent comprehensive investigation. It is necessary for
researchers to develop tools that will facilitate investigations into the roles and fates of
HSe in biology, and inspiration can be taken from the closely related field of research on
hydrogen sulfide (H.S), the third gasotransmitter. The research presented in this
dissertation is aimed at adapting previously established strategies for studying HS in
biology to the heavier chalcogenide H,Se.

Fully understanding the motivations behind H,Se research requires a familiarity
with the necessity of selenium in the mammalian diet, specifically its inclusion in the
family of selenoproteins, which play key roles in the maintenance of redox status and
thyroid hormone modulation among many others. This material is covered in Chapter |
along with more detailed analysis of the challenges currently facing H2Se research. The
development of the first well-characterized H.Se donor, modeled after the most widely-
studied H>S donor, is covered in Chapter Il and sets the stage for future research in this
area. Chapter I11 details an expansion upon the technology discussed in the previous
chapter with efforts to produce H2Se donors with tunable hydrolysis rates. Additionally,
experiments on the viability of these compounds in biology are discussed in Chapter 111



through performing cell permeability and antioxidant capacity experiments in HeLa cells.
Current work is detailed in Chapter 1V, revealing the use of selenocarbamates as H.Se
donors with the goal of developing donors with diverse triggering mechanisms and
amine-based payloads that facilitate investigations into the chemical and biological
behavior of H2Se. Finally, Chapter VV summarizes this work, the current state of the field,
and provides avenues for further advancement of H>Se donor technology.

This dissertation includes previously published and unpublished co-authored
materials.
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CHAPTER |

SELENIUM AND HYDROGEN SELENIDE IN BIOLOGY

Selenium, among many other elements on the periodic table, is crucial to the
proper function of mammalian biological systems.’? Illustrating the necessity of
selenium in the human diet are a number of debilitating physiological conditions seen
primarily in selenium-deficient soil regions of the world, such as Keshan and Kashin-
Beck Disease.*® Keshan Disease occurs as a result of selenium deficiency in combination
with a mutated strain of Coxsackievirus and leads to congestive cardiomyopathy that is
often fatal.> Kashin-Beck Disease occurs as a result of selenium and iodine deficiency
during developmental stages of life and leads to deformities in the joints and bones that
can be detrimental to mobility and dexterity.* 7 In modern society, instances of these
conditions have become much rarer, which can be attributed to the increase in outsourced
farming, where crops are grown in more nutrient-rich soils. ® Additionally, Se
supplementation in Se-deficient regions has been shown to mitigate the effects of
endemic Se deficiency in soil.>

While Se supplementation and consumption of more Se-rich foods can combat
deficiencies, there is a narrow window between nutritional and toxic levels of selenium in
humans. This range is between 50 and 400 g daily, with the ideal dosage being around
100 pg for adults, though this is heavily dependent upon the Se speciation and many
physiological factors present in a person.® Despite this narrow window, humans are
generally well-equipped to deal with acutely high Se levels in the diet, which result in an
upregulation of the excretory pathways in the Se metabolic cycle (Figure 1.1a; for a more
detailed scheme, see Figure 2.1) but cannot be sustained over a long period of time.&
Chronic overconsumption of Se-rich foods, the Brazil Nut for example, is the primary
cause of Se poisoning (selenosis) in humans, evidenced by abnormalities in the nailbeds,
foul breath, alopecia, and in extreme cases neurological dysfunction.®!! In light of this
delicate balance between deficiency and toxicity, it is crucial that researchers develop a

deeper understanding of the machinations and fates of Se-species in biology.
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Figure 1.1 (a) Simplified metabolic pathways of selenium-containing compounds. (b)
Selenium contribution to glutathione peroxidase function. (c) Selenium and sulfur interplay
in the regulation of the thioredoxin system.

The active form of Se in living organisms is a selenocysteine (Sec) residue
appended to a protein, giving rise to the term “selenoproteins” that applies to all proteins
containing a Sec residue. Sec is considered the 21% amino acid, but its incorporation into
proteins differs from other amino acids. Selenoprotein mRNa contains a stop codon UGA
in the open reading frame followed by a stem-loop structure called the selenocysteine
insertion sequence (SECIS) that signals a Sec insertion site rather than a stop to
translation. Sec synthase then uses selenophosphate to convert a phosphoserine residue in
the growing tRNA to Sec, which remains intact after the selenoprotein is constructed.®
Selenomethionine (SeMet) is also incorporated into the human proteome where
methionine (Met) residues would normally exist; however, the methylation of the Se
atom inhibits the reactivity of this amino acid and removes SeMet-containing proteins
from the pool of selenoproteins.® Chiefly important are the selenoproteins glutathione
peroxidase (Gpx) and thioredoxin reductase (TrxR), which play key roles in the body’s
antioxidant system (Figure 1.1b,c).'?** Additionally, iodothyronine deiodinases (DIO)
regulate production of thyroid hormones like thyroxine (T4), which are crucial to human

physiology.t*>1® Interestingly, selenoprotein P (SepP) is the only known selenoprotein of
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the 25 in humans that contains more than one Sec residue; the purpose of this increased
Sec concentration is to transport Se from the liver, where it is initially processed, to other
sites in the body that require Se.!”*® During times of Se deficiency, the body’s production
of SepP naturally diminishes, but expression of the receptors apoER2 and megalin are
upregulated in systems, such as the skeletal system, that are vital for maintaining
physiological function so that Se can be delivered preferentially.'® Considering the
important and diverse roles that selenoproteins play in the body, researchers have made
efforts to harness their power and apply it to disease states in search of new
therapeutics.?

One way that researchers have approached the study of selenoproteins is to
develop molecules that mimic the activity of selenoproteins. The most widely-studied of
these selenoprotein mimics is called Ebselen, which is a Gpx mimic and serves to reduce
ROS in vivo in a catalytic fashion (Scheme 1.1a).2123 The therapeutic effects of this
compound and its derivatives, ranging from X to Y, have been so beneficial that the
molecule is currently in clinical trials.?® Gpx is the most frequently mimicked
selenoprotein, and while Ebselen is king among them, additional examples can be found
in the literature, such as a-methylselenocysteine (a-MeSec). The methyl group of this
modified amino acid confers a resistance to B-syn elimination when exposed to peroxides
(Scheme 1.1b) and causes the molecule to instead undergo reduction and return to its
starting form, completing a short catalytic cycle.?* In addition to Gpx, DIO has been
mimicked with naphthalenes bearing chalcogens at the 1 and 8 positions (Scheme 1.1¢).%
Researchers here showed that increased chalcogen size led to increased activity of the
mimics with respect to the modulation of thyroid hormone concentrations in addition to
demonstrating that the fundamental concepts of non-covalent halogen and chalcogen
bonding were involved in the mimic activity.?> Aside from mimicking selenoprotein
behavior, researchers have sought to use other Se-containing technology, such as
selenite-doped nanoparticles, to assess the utility of Se-based therapeutics for cancer and
other physiological ailments. One notable example of this technology is selenite-doped
hydroxyapatite nanoparticles (SeHANSs) that have been developed to combat bone
cancer.?® Hydroxyapatite is the principal inorganic component in bones, and the basis of

this research was hydroxyapatite nanoparticles (HANSs) designed to fill the voids left by



bone tumor excision and accelerate bone repair. Researchers have included selenite in
these compounds to act as a potent anti-cancer agent?’ and decrease the chances of cancer
resurgence with even more promising results obtained by including other substances in
SeHANSs, such as catechins.?® The potential for Se-based cancer therapies is high, and not
just in relation to bone cancer. It is pertinent for researchers concerned with Se in biology
to dig deeper in understanding the full landscape of effects on biological systems when
Se-containing compounds are applied, and a large part of this mission revolves around

studying Se metabolites more effectively.
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Scheme 1.1 Actions of selenoprotein mimics, pictured are (a) Ebselen as a Gpx mimic in
tandem with GSH, (b) a-MeSec also as a Gpx mimic but without requiring GSH, and (c)
1,8-naphthalenediselenol as a DIO mimic with GSH.

Taking a closer look at the metabolism of dietary Se-containing compounds, it is
clear that both protein-synthetic and excretory pathways proceed through the common

intermediate of hydrogen selenide (H2Se).?° With the last two decades providing an



influx of research on hydrogen sulfide (H2S) in biology, one would expect there to also
be a blooming body of research on its heavier congener H2Se, especially given the
marked similarities in chemical and physical properties of sulfur and selenium.? This,
however, is not the case, and there remain deep chasms in the knowledge surrounding
H>Se in biology along with its potential in therapeutic applications. Historically, most
studies on the biological activity of Se species have been conducted with sodium
selenite?’ (+1V oxidation state) or Se-supplemented (selenized) yeast,® both of which
have inherent shortcomings. The former strategy provides a viable dietary source of Se
but does not provide a discrete active Se species, making it difficult to precisely assess
which Se metabolite is causing the observed effects. The latter strategy provides even
more nebulous information as selenized yeast contains a mixture of the oxidized
inorganic forms of Se along with SeMet that has been non-discriminately incorporated
into the yeast proteome.®! Biological effects specifically attributed to H2Se are even more
difficult to assess, as this species is exceptionally reactive in both nucleophilicity and
susceptibility to oxidation and, as a result, can be severely toxic in elevated
concentrations. Further complicating investigations are the infinitesimally (and
immeasurably) low concentrations of H»Se in vivo along with a myriad of biological
reactive sulfur species (RSS) that are also potent nucleophiles and steadfast reductants.?®

Detection and sensing of H>Se is primarily accomplished through fluorescent
probes with reducible motifs (Scheme 1.1a),32-* though recently a successfully selective
probe based on the nucleophilic attack of H,Se (Scheme 1.1b) was developed.® A
number of materials-based methods for detecting H.Se are also available, such as gold
nanoclusters, but these strategies are not very applicable to biological investigations as
they are designed for detecting gaseous H2Se.3%" It is, therefore, more feasible to pursue
the study of HaSe through its application and subsequent observation of downstream

effects.
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Scheme 1.2 Fluorescent H>Se probes based on (a) reduction and (b) nucleophilic attack.

Until 2019, the standard method of delivering H>Se was the administration of a
freshly prepared solution of HoSe/HSe™. This feat is commonly accomplished through the
reduction of Se with sodium borohydride, affording a solution of sodium hydroselenide
(NaHSe),®2° or through the hydrolysis of inorganic selenide salts, like aluminum or
lithium selenide.® Major issues with this method include the potential for oxidation of
H>Se back to its elemental form and the toxicity of H>Se, which can be problematic if the
concentration is not well-controlled and spikes suddenly. Sharing both of these issues is
the delivery of gaseous H»Se in air for inhalation, which has been used effectively in
previous studies on the inhibition of mitochondrial complex IV and suspended
animation.®® Recently, several small-molecule sources of HzSe have emerged from our
lab*®4! and others*>*3 that have adopted prior H.S donor technology to produce HzSe
instead. During the last several years in the Pluth Lab, my efforts have focused on
developing these small molecule H>Se donors, studying their mechanisms of action, and
applying them to biological samples to discern their effects and set the stage for further

research in this field.



CHAPTER I

DEVELOPMENT OF A HYDROLYSIS-BASED
HYDROGEN SELENIDE (H2Se) DONOR

This chapter includes previously published and co-authored material from
Newton, T.D.; Pluth, M.D. Development of a hyrolysis-based hydrogen selenide (H2Se)
donor. Chem. Sci. 2019, 10, 10723-10727. This manuscript was written by Turner D.
Newton with editorial assistance by Professor Michael D. Pluth. The project in this
chapter was conceived of by Turner D. Newton and Professor Michael D. Pluth. The
experimental work was performed by Turner D. Newton. Crystal structure determination
was performed by Dr. Samantha N. MacMillan at Cornell University.

2.1 Introduction

Selenium is often regarded as a toxic metalloid, but it is also an essential
bioinorganic dietary micronutrient.*#6 For example, geographic regions with selenium-
deficient soil display unusually high occurrences of conditions including Keshan and
Kashin-Beck diseases in the population, which are both tied to a dietary scarcity of
selenium.>#” Dietary sources of selenium are typically selenomethionine (SeMet) and
selenate salts (SeO4%"), which must pass through complex metabolic pathways prior to
incorporation into selenium-containing biomolecules.*® In the body, selenium exerts
function primarily as selenocysteine, often referred to as the 21 amino acid, which is
incorporated into and gives rise to the often unique reactivity of selenoproteins.t

Twenty-five selenoproteins have been identified in humans and fall into several
main categories. These categories include glutathione peroxidases (Gpx), which scavenge
harmful peroxide species, thioredoxin reductases (TrxR), which regulate thiol-disulfide
redox homeostasis, iodothyronine deiodinases (DIOs), which regulate thyroid hormone
equilibria, and specialized selenoproteins that exhibit alternative functions, such as
protein folding and selenium transport.*® Selenium-deficient environments often result in
the preferential expression of these proteins, whereas selenium-rich environments result
in the upregulation of selenium excretion pathways to reduce selenium toxicity.2 Many of
these pathways are hypothesized to proceed through the intermediate formation of



hydrogen selenide (H.Se/HSe™), which is an important yet elusive small biomolecule of
interest (Figure 2.1).%°

A common approach to increase the bioavailability of selenium is to use
exogenous synthetic selenium-containing small molecules. For example, the
organoselenium compound Ebselen mimics the behavior of glutathione peroxidase and
exhibits cytoprotective, anti-inflammatory, and antioxidant effects.***° Similarly, the
glutathione-mediated reduction of selenite (SeO3%") to elemental selenium is thought to
proceed through a selenodiglutathione (GS-Se-SG) intermediate en-route to a
selenopersulfide (GS-Se™), which subsequently decomposes to either GSH and Se® or is
converted to H,Se through both enzymatic and non-enzymatic pathways.>->2> More
recently, the hydrolysis of phthalic selenoanhydride was used for generating reactive
selenium species to examine the differential synergies of these compounds with H>S and
GSH in radical scavenging.®® In this investigation, H2Se release was proposed during
hydrolysis but was not observed directly in the experiments.

Interest in developing chemical tools for investigating H>Se has grown in the last
few years, with new investigations into the molecular recognition of HSe™ in synthetic
host-guest systems®* and with the advent of first-generation fluorescent probes for H.Se
detection.®?-33 In part, these investigations are motivated by potential roles of selenides in
treating conditions ranging from arsenic poisoning, in which toxic arsenic species can
react with H,Se to form readily-excreted products,>° to cancer, in which HzSe can
induce oxidative stress under normoxic conditions or reductive stress under hypoxic
conditions in HepG2 cells, resulting in HMGBL1 protein damage and ultimately
apoptosis.>” At physiological pH, almost all HzSe exists as HSe™ due to the acidity of the
diprotic form of HzSe (pKa = 3.9). The high redox activity and high nucleophilicity of
H>Se/HSe™, when coupled with the relatively low biological selenium content (~0.2
mg/kg in humans), make investigations into the biological roles of HzSe difficult.>®
Building from these past results and increased interest in biorelevant small reactive
selenium species, we viewed that well-characterized, synthetic small molecules that
release H»Se directly and under controlled conditions would provide a much-needed
chemical tool for expanding research related to the chemical biology of selenium. Here

we report the development and characterization of a hydrolysis-based small-molecule



H>Se donor and provide insights into the reaction mechanism and methods for direct

H>Se trapping.
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Figure 2.1 Schematic representation of metabolic pathways of dietary selenium
compounds including various reactive selenium species. Selenate (SeO4>"), selenite
(Se03%), selenophosphate (H2SePOs"), selenocysteine (Sec), selenomethionine (SeMet),
methylselenocysteine (MeSec), thioredoxin (Trx), thioredoxin reductase (TrxR),
glutaredoxin (Grx), glutathione reductase (GR), glutathione (GSH), diglutathione
(GSSG), selenodiglutathione (GSSeSG), glutathioselenol (GSSeH), selenophosphate
synthetase (SPS), selenocysteine lyase (SCLY), S-adenosylmethionine (SAM),
transsulfuration pathway (TSP), elemental selenium (Se®), and reactive oxygen species
(ROS).

2.2 Results and Discussion
2.2.1 Synthesis and Characterization of TDN1042

Drawing parallels to biological organosulfur chemistry, the last decade has
witnessed a surge in research related to hydrogen sulfide (H.S/HS™) as an important
reactive sulfur species and gasotransmitter.>® Substantial efforts have focused on the
development of small-molecule H2S donors for delivery to biological environments.0-62
Although the structure and complexity of such systems have evolved significantly, an
early and broadly-used example of such donors is the hydrolysis-activated donor
GYY4137, which relies on the hydrolytic cleavage of P=S bonds to generate HS.53
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GYY4137 has been used in >200 publications to date (Web of Science) and exhibits anti-
inflammatory, vasorelaxant, and anti-cancer as well as other effects in different biological
models®-% with diverse applications ranging from medicinal to agricultural science.5¢-¢
Motivated by the broad utility of this approach to access H.S donor motifs, we sought to
use similar chemistry to generate well-defined H2>Se donors that are activated by P=Se
bond hydrolysis. To prepare such a donor, we treated Woollins’ Reagent with an excess
of morpholine to generate TDN1042 in moderate yield (Figure 2.2a). The resultant
product was characterized by *H, *C{*H}, 3P, and ""Se NMR spectroscopy (Figure
S2.1-S2.4). Single crystals suitable for X-ray diffraction were grown by layering hexane
onto a solution of TDN1042 in CH.Cl, which confirmed the molecular structure (Figure
2.2h).
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ook,

Figure 2.2 (a) Synthesis of TDN1042 from Woollins' reagent. (b) ORTEP diagram (50%
ellipsoids) of TDN1042. Hydrogen atoms, except those on the morpholinium nitrogen,
are omitted for clarity.

2.2.2 Hydrolysis Studies on TDN1042

With TDN1042 in hand, we next evaluated its reaction chemistry by NMR
spectroscopy. Initial studies using 3*P NMR spectroscopy in wet DMSO-d® revealed the
clean conversion of TDN1042 to phenylphosphonic acid (PPA) as expected (Figure
2.3a). We next monitored the hydrolysis in buffered aqueous solutions using quantitative
3P NMR spectroscopy with triethylphosphate (TEP) as an internal integration standard.
In these experiments, we also observed clean conversion of TDN1042 (5(*!P) = 61 ppm)
to the expected PPA hydrolysis product (§(*!P) = 12 ppm). To determine the effect of pH
on this reaction, we measured the rate of hydrolysis of TDN1042 (10 mM) in citrate
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buffer (50 mM) ranging from pH 3.0 to pH 6.0 in flame-sealed NMR tubes at ambient
temperature (Figure 2.3b). The resulting hydrolysis data (Figure 2.3c) revealed an
increase in rate at more acidic pH values, which is consistent with the expected
hydrolysis mechanism. A similar pH dependence was observed for GY'Y4137 in previous
reports,% suggesting that the TDN1042 donor motif could also find utility in different
biological contexts.
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Figure 2.3 (a) Proposed hydrolysis mechanism of TDN1042 resulting in H>Se release.
(b) 3P NMR spectra during the hydrolysis of TDN1042 showing the consumption of
TDN1042 (61 ppm) and generation of PPA (12 ppm). (c) pH dependence of TDN1042
during the hydrolysis experiments. (d) pH dependence of PPA formation during the
hydrolysis experiments. General conditions: 10 mM TDN1042 in 50 mM citrate buffer
ranging from pH 3.0 to pH 6.0 at room temperature.

2.2.3 Mechanistic Studies on TDN1042
Having established that the hydrolysis of TDN1042 results in PPA formation, we
next sought to confirm HxSe release directly. To monitor HoSe release, our goal was to

trap H»Se directly rather than use fluorogenic probes in case a reactive intermediate en-
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route to HoSe release resulted in the activation of such systems. To accomplish this
labeling, we used benzyl bromide (BnBr) as an electrophilic trapping agent for TDN1042
and monitored the reaction by 3P and ”’Se NMR spectroscopy (Figure 2.4a). On the basis
of the proposed release mechanism of H>Se from TDN1042, we expected that, akin to
initial protonation, BnBr would initially alkylate the P=Se moiety, which would activate
TDN1042 toward hydrolysis to release benzyl selenol (BnSeH) with subsequent
alkylation by BnBr to generate dibenzyl selenide (Bn2Se). By monitoring the reaction by
both 3!P and 7’Se NMR spectroscopy, we observed immediate formation of an
intermediate (1) upon addition of BnBr and H.O to a solution of TDN1042 in DMSO-d®
(Figure 2.4Db, c). Intermediate 1 exhibited a singlet in the 3P spectrum (5 = 69 ppm) with
two sets of selenium satellites with different coupling constants (Jp-se = 786 Hz, Jp-se =
401 Hz). This coupling pattern is consistent with inequivalent selenium environments in
1 and is in contrast to the single set of selenium satellites seen in TDN1042 (5(°'P) = 61
ppm,1Jp-se = 671 Hz). Furthermore, the ”’Se NMR spectrum of 1 revealed both a doublet
(6= -129 ppm, 1Jp-se = 786 Hz) and a doublet of triplets (5= 354 ppm, 1Jp.se = 401 Hz,
2Jse-n = 11 Hz), which correspond to the P=Se and P-SeCH,Ph moieties, respectively
(Figure 2.4e). As the reaction proceeded, the intensity of the 6 = -129 and 354 ppm peaks
decreased, with concomitant formation of PPA (5(3'P) = 12 ppm) in the 3P NMR
spectrum. The 7’Se NMR spectrum revealed two Se-containing products, with a triplet at
5("'Se) = 394 ppm and a pentet at 5("’Se) = 330 ppm. The 330 ppm resonance
corresponds to Bn.Se, in which the selenium signal is split by two sets of benzylic
protons. The 394 ppm resonance corresponds to dibenzyl diselenide (Bn2Sez), which was
confirmed by comparison with an authentic Bn,Se, sample (Figure A13). Formation of
the diselenide is likely due to the auto-oxidation of BnSeH, which as has been observed
previously.%® Taken together, these alkylation experiments support the mechanism of
H>Se release and provide mechanistic insights into the hydrolysis mechanism.

To definitively establish H.Se release, we next performed experiments in which
the electrophilic trapping agent was separate from the donor. For this investigation, we
used 2,4-dinitrofluorobenzene (FDNB) as an electrophilic labeling reagent to trap the
H.Se released and volatilized into the headspace of the reaction apparatus.®®7° In these

experiments, a vial containing an aqueous solution of TDN1042 was acidified with HCI
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and sparged with N to help volatilize any H.Se into the headspace, which subsequently
bubbled through a trapping solution containing a large excess of FDNB (Figure 2.5a). A
final solution containing AgNO3 was used to scavenge any unreacted H»Se. Using HPLC,
we observed formation of both di(2,4-dinitrophenyl) selenide ((DNP)2Se) and the
corresponding diselenide ((DNP)2Se>) in the trapping solution (Figure 2.5b, Figure A14),
which is consistent with directly trapping H2Se as well as the auto-oxidation process. The
identity of the observed products was confirmed by comparison to authentic samples of
(DNP),Se and (DNP),Se; synthesized according to published procedures (Figure A18)."
Taken together, these results confirm that TDN1042 releases H>Se directly.
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Figure 2.4 (a) Proposed hydrolysis and trapping pathways. See Scheme A3 for a more
detailed mechanism. (b) 3P NMR spectra during alkylation and hydrolysis. (c) "’Se NMR
spectra during alkylation and hydrolysis. (d and e) Expanded regions of the *'P and 7’Se
NMR spectra highlight the observed coupling patterns.
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Figure 2.5 (a) Experimental setup for volatilization and trapping of H>Se with FDNB. (b)
General reaction pathways for (DNP).Se and (DNP).Se, formation.

2.3 Conclusions

Here we report the development and characterization of the hydrolysis-based
H>Se donor TDN1042. Using multinuclear NMR experiments, we monitored the reaction
pathway for H2Se release and confirmed H2Se generation using different electrophilic
trapping methods. We anticipate that this well-characterized H>Se donor will find utility
in biological investigations into the roles of H>Se and related reactive selenium species in
the future and will facilitate the development of chemical tools for further investigating

H>Se in chemical biology.
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CHAPTER 111

HYDROLYSIS-BASED SMALL MOLECULE HYDROGEN SELENIDE (H2Se)
DONORS FOR INTRACELLULAR H2Se DELIVERY

This chapter includes previously published and co-authored material from
Newton, T.D.; Bolton, S.G.; Garcia, A.C.; Chouinard, J.E.; Golledge, S.L.; Zakharov,
L.N.; Pluth, M.D. Hydrolysis-Based Small Molecule Hydrogen Selenide (H>Se) Donors
for Intracellular H2Se Delivery. J. Am. Chem Soc. 2021, 143, 19542-19550. This
manuscript was written by Turner D. Newton and Dr. Sarah G. Bolton with editorial
assistance from Professor Michael D. Pluth. The project in this chapter was conceived of
by Turner D. Newton and Professor Michael D. Pluth. The experimental work was
performed by Turner D. Newton, Dr. Sarah G. Bolton, Arman C. Garcia. TOFSIMS
experiments were performed by Julie E. Chouinard and Dr. Stephen L. Golledge. Crystal

structure determination was performed by Dr. Lev N. Zakharov.

3.1 Introduction

Selenium is a trace nutrient that is required in the human diet for proper
physiological function.! 4 727 The biological concentration window for selenium is
narrow, and dietary selenium deficiency or excess can lead to detrimental conditions
including Keshan’s Disease® and selenosis.'® Primary dietary sources of selenium include
organoselenium compounds and inorganic salts,’* both of which can be incorporated into
selenoproteins through different transformations or excreted to prevent toxic
accumulation.® %6 One commonality between these major metabolic pathways is that they
are thought to proceed through the intermediate formation of hydrogen selenide (H2Se)
(Figure 3.1). Drawing parallels to its lighter congener H,S, HzSe is highly reactive and
toxic but also crucial for selenium homeostasis, proper function of endogenous
antioxidant systems, and thyroid function.?® Despite the importance of H.Se and related
reactive selenium species (RSeS), few chemical tools allow for direct delivery of these
species to biological environments. For example, most investigations focused on the
therapeutic benefits of selenium, especially in relation to various cancers, have used

oxidized selenium sources, such as sodium selenite (NaSeOs), as the selenium source.”™
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76 Significant evidence, however, suggests that reduced RSeS, such as selenium-
glutathione adducts, organoselenium species, or H»Se, rather than oxidized Se species are
responsible for observed in vivo activities.”” For example, in a recent study by the Tang
group, H>Se was reported to be the active selenium metabolite responsible for cell death
in HepG2 cells that were initially treated with Na>SeOs, which is commonly used as a
source of selenium in biological studies.®” Similarly, Roth and co-workers found that
direct administration of H.Se, but not Na,SeOs, reduced heart damage in mouse models
of myocardial ischemia reperfusion injury suggesting that reduced RSeS exert different

physiological effects than the more commonly-used oxidized selenium sources.®
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Figure 3.1 A simplified view of the selenium metabolic cycle highlighting the role of
H>Se in both protein synthesis and excretory pathways from dietary sources.

The blossoming interest in studying the chemical biology of H2Se is reminiscent
of the beginnings of contemporary research on biological H2S. H>S was classically
recognized as a toxin but was later found to play essential roles in key many mammalian
processes, including angiogenesis.”® Sulfur and selenium are the most similar main group
elements on the periodic table, and researchers are already proposing that H.Se may be a
fourth biological gasotransmitter, adding to the more commonly-accepted H.S, NO, and
CO. Already meeting many of the criteria to be classified as a gasotransmitter, HoSe is
produced endogenously, is a gas in its diprotic state, is membrane permeable, and can
exert unique biological effects although specific molecular targets in signaling pathways
have not yet been identified.>® ' When administered exogenously to mice through either
inhalation (0-5 ppm in air) or injection (solution of NaSeH, 0.05-24.9 mg/kg), H.Se

modulates aerobic respiration in mice by inhibition of mitochondrial complex 1V, again
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drawing striking parallels to observed H,S activities in similar systems.® A significant
limitation to advancing our understanding of the potential roles of H>Se in biology,
however, is the lack of suitable methods for studying H2Se directly in living systems,
although new approaches for both donor and probe technology are beginning to
emerge.32'33* 53, 80

To expand our basic understanding of differences in the bio(in)organic chemistry
between reactive sulfur and selenium species, we recently reported a hydrolysis-based
H>Se donor based on the P=Se motif. By modifying the widely-used P=S containing H>S
donor GY'Y4137, we prepared the analogous P=Se containing compound TDN1042 and
demonstrated that it releases H,Se upon hydrolysis by 3P and 7"Se NMR spectroscopy as
well as H2Se trapping experiments.®° Building from this work, here we report second-
generation HzSe donors that allow for modified H,Se release rates. To further bridge the
gap to using these H>Se releasing compounds in biological settings, we use TOF-SIMS
(Time of Flight Secondary lon Mass Spectroscopy) to demonstrate that these donors are
cell permeable and result in a dose-dependent increase in intracellular selenium levels.
Moreover, we demonstrate that exogenous treatment with the H.Se donors reduces ROS
levels in live cells, which is consistent with antioxidant activity. We anticipate that these
results will not only broaden the available chemistry of H,Se releasing compounds, but
will also enable future investigations into direct administration of H>Se in different
biological contexts.

3.2 Results and Discussion
3.2.1 Design and Synthesis of Cyclic H2Se Donors

Although sulfur and selenium are similar main group elements, the inherent
reaction chemistry of these elements if often dissimilar. Demonstrating that design
approaches for hydrolysis-based H>S donors can be translated to develop H2Se donors
provides an important step toward advancing and expanding investigations into H.Se and
RSeS in biology. One limitation of the initial TDN1042 system was that H.Se release
was quite slow. To improve on this system and expand the palette of P=Se based H>Se
donors, we diversified the P=Se platform to investigate how structural modifications

impact HoSe release rates and to compare how these modifications align with known
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structure-function activities in P=S based systems.8! We modified TDN1042 by
incorporating ortho-substituted phenols that coordinate in a bidentate fashion to the
phosphorus center and result in a donor with a single P=Se motif. These donors were
prepared by treating Woollins’ reagent (P2SesPhz) with catechol- and 2-aminophenol-
based reagents.®2® Briefly, refluxing Woollins’ reagent with 3 equiv. of the desired
phenol under N2 results in formation of the corresponding malodorous cyclized products
that can then be purified by silica gel chromatography to afford Cat-PSe (catechol), 2AP-
PSe (2-aminophenol), and NMe2AP-PSe (N-methyl-2-aminophenol) in low to moderate
yields (Figure 3.2). Each compound was characterized by *H, 3C, 3P, and "’Se NMR
spectroscopy as well as mass spectrometry. The P=Se motif is readily identifiable as a
doublet in the 7”Se NMR spectrum and as a singlet in the 3P NMR spectrum with

characteristic “’Se satellites.
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Figure 2.2 (a) Synthesis of TDN1042 and cyclic-PSe H>Se donors. (b) ORTEP diagram
of NMe2 AP-PSe showing 50% probability ellipsoids. Hydrogen atoms are omitted for
clarity.

3.2.2 P=Se Hydrolysis and H2Se Release

With cyclized P=Se donor compounds in hand, we next used 3P NMR
spectroscopy to monitor donor hydrolysis in pH 7.4 PIPES buffer. Under these reaction
conditions, H»Se release is accompanied by generation of the corresponding phosphine
oxide, which is ultimately hydrolyzed to generate phenylphosphonic acid (PPA). In the

case of Cat-PSe, addition to aqueous buffer immediately resulted in the formation of an

18



intermediate that was shifted ~50 ppm upfield in the *'P NMR spectrum (Figure 3.3, red
square). We attribute this signal to a 5-coordinate phosphorus species with P-OH and P-
Se™ motifs that is formed attack of water at the phosphorus center. Subsequent
protonation of the anionic selenide leads to rapid extrusion of H.Se/HSe™ (pKa = 3.9) with

concomitant P=0O bond formation.
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Figure 3.3 (a) Hydrolysis of Cat-PSe to release HxSe. (b) Stacked *'P NMR spectra of
Cat-PSe (10 mM) hydrolysis in PIPES buffer (pH 7.4, 100 mM) over 450 h at 25 °C.

We also investigated the hydrolysis of 2AP-PSe and NMe2AP-PSe and compared
the Kobs hydrolysis rates. Our initial hypothesis was that the rate of hydrolysis would
depend primarily on the electronegativity of the atoms surrounding the phosphorus
center, with a more electropositive phosphorus center leading to faster hydrolysis rates.
This trend, however, was not observed, which suggests that electronic effects are not the
primary contributor to donor hydrolysis (Figure 3.4). For example, we expected that the
presence of two aryl P-O bonds in Cat-PSe would result in the most electrophilic
phosphorus center, but Cat-PSe displays the slowest hydrolysis rate. The 2-aminophenol
based donors, however, did follow the expected trend, with the N-methylated donor
(NMe2AP-PSe) releasing H2Se more slowly than 2AP-PSe. One contributing factor to
the faster hydrolysis rates of the aminophenol-based donors is the differential bond
strength between the weaker aryl P-O bond (141 kcal/mol) when compared to the
stronger aryl P-N bond (148 kcal/mol). These small structural changes, when comparing

the Cat-PSe and 2AP-PSe donors, result in almost an order of magnitude increase in the
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rate of donor hydrolysis. Taken together, these data reflect the tunability of P=Se bond

hydrolysis based on the structure of the H.Se donor core.
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Figure 3.4 Plotted hydrolysis data (10 mM donor in PIPES 7.4, 100 mM buffer with 5
mM TEP standard at 25 °C) based on the concentration of PPA with tabulated observed
rate constants.

3.2.3 Mechanistic Studies with 3P and "’Se NMR Spectroscopy

To further investigate the hydrolysis mechanism for the cyclic-PSe compounds
and to confirm HSe release, we performed alkylative trapping experiments with benzyl
bromide (BnBr). These experiments are useful for monitoring selenide release by
generating stable, alkylated products, whereas direct HoSe release often results in
selenium auto-oxidation. Conveniently, these experiments can be followed by *H, 3P,
and ’Se NMR spectroscopy, all of which help to inform on intermediate structures in
solution based on the observed heteronuclear coupling constants and multiplicities.
Representative NMR spectra for 2AP-PSe are shown in Figure 3.5, and similar results
were observed for the other donors (See Appendix B, Figure B16 and B17 for Cat-PSe
and NMe2AP-PSe, respectively).

To simplify the reaction conditions, we performed these experiments in THF-ds
with 62 mM donor, 124 mM BnBr, and 2.33 M (35 equiv.) of water. Under these reaction
conditions, attack by water on the phosphorus center breaks the 2-aminophenol chelate to
form a 4-coordinate P-N intermediate (1). This step results in an upfield shift in both the
31p and "’Se NMR spectra and a decrease in the J%p.se from 899 Hz to 823 Hz. The
identity of this intermediate is supported by the independent synthesis and isolation of the

analogous methoxylated species, which showed similar spectroscopic properties
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including 3'P and "’Se chemical shifts of 72 ppm and -212 ppm, respectively, and a J'p-se
value of 817 Hz (See Appendix B, Figure B18 for X-ray structure). In the absence of an
electrophilic alkylating trap, intermediate 1 would be protonated prior to subsequent H>Se
release. Analogously, in the presence of BnBr, intermediate 1 is alkylated to form
intermediate 2, which is supported by the upfield shift of the 3'P NMR signal to 27 ppm
and downfield shift of the 7’Se NMR signal to 300 ppm. Notably, the ’’Se signal appears
as a doublet of triplets due to coupling to the phosphorus center and the benzyl CH> motif
(I*p-se = 384 Hz, J?se-n = 7.1 Hz). Hydrolysis of 2 liberates benzyl selenol (BnSeH), as
evidenced by the new resonance in the "’Se spectrum at 78 ppm (dt, J'se.n = 42.4 Hz, J%se-
n = 12.5 Hz). Selenol 2 is subsequently oxidized to form dibenzyl diselenide (Bn.Sey),
which is characterized by a triplet at 400 ppm in the 7’Se NMR spectrum (J%se-n = 14.0
Hz). Under these reaction conditions, the auto-oxidized Bn,Se: is the major product, but
dibenzyl selenide (Bn2Se) is also formed upon reaction of BnSeH with BnBr, which is
characterized by a pentet at 330 ppm in the 7’Se NMR spectrum. The resultant
phosphorus byproduct (3) does not accumulate in the reaction mixture and is rapidly
hydrolyzed to PPA, which appears at 14 ppm in the 3P NMR spectrum.
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Figure 3.5 Results of alkylative trapping experiments with BnBr showing (a) the
proposed reaction scheme and (b) the corresponding 3'P and ’Se NMR data for this
reaction (62 mM 2AP-PSe, 124 mM BnBr, and 2.33 M water in THF-dg at 25 °C).
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3.2.4 Colorimetric H.Se Detection

Although NMR spectroscopy provides useful information on the chemical
environment and connectivity of the different species formed during H2Se release,
spectroscopic detection of H»>Se using optical methods would aid the future development
of H2Se donors and H»Se detection. Drawing parallels to work on colorimetric systems
commonly used for HS trapping, we investigated whether 4-chloro-7-nitrobenzofurazan
(NBD-CI) could be used for colorimetric H.Se detection. Previously, we demonstrated
that NBD-CI reacts with H»S to generate NBD-SH, which has a characteristic absorbance
at 536 nm and allows for colorimetric H2S detection.®* NBD-based electrophiles have
been used broadly by many groups to develop both colorimetric and fluorescent reporters
for H2S% as well as other small molecules.®® Building from this basic chemistry, we
expected that the electrophilic NBD-CI would also react with H.Se to produce a highly
colored product that could aid H.Se detection.

To test this chemistry directly, we first treated NBD-CI with tetrabutylammonium
hydroselenide (NBusSeH) in pH 7.4 PBS buffer (Figure 3.6a). When a sub-stoichiometric
amount of HSe™ is present with respect to NBD-CI, NBD2Se (Amax = 428 nm) is the
primary product, which is formed by the intermediate generation of NBD-SeH and
subsequent reaction with a second equivalent of NBD-CI. If stoichiometric HSe™ with
respect to NBD-ClI is present, then NBD-SeH (Amax = 551 nm) is the primary product,
which forms from either direct reaction of NBD-CI with HSe™ or the cleavage of the
NBD.Se intermediate with HSe™. This chemistry can be clearly demonstrated by titrating
0.1 equiv. aliquots of NBusSeH (10 mM in DMSO) into a solution of NBD-CI. The
intermediate formation of NBDSe is observed, which reaches a maximum at 2:1 NBD-
Cl:HSe™ stoichiometry, with NBD-SeH being the primary species at a 1:1 NBD-CI:HSe™
ratio (Figure 3.6b). The observed absorbance of NBD-SeH at 551 nm is red-shifted from
the NDB-SH absorbance at 534 nm, which is consistent with substitution of a heaver
chalcogenide. Based on these data, NBD-CI provides a unique colorimetric response to
H.Se/HSe™ upon formation of the highly colored NBD-SeH product.
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Figure 3.6 (a) Addition of 1.0 equiv. of H>Se to NBD-CI results in the direct formation
of NBD-SeH. Addition of 0.5 equiv. of H2Se to NBD-ClI results in the formation of
NBD.Se, which can react further with H.Se to generate NBD-SeH. (b) Titration of NBD-
C1 (66 uM in PBS 7.4 buffer) with NBusSeH (10 mM in DMSO) in 0.1 equiv increments
at 25 °C. (c) Treatment of NBD-C1 (66 uM in PBS 7.4 buffer) with NMe2AP-PSe (1.5
equiv, 99 uM from a 10 mM solution in THF) at 25 °C forms NBD-SeH.

In prior unpublished work, we found that attempts to measure H>Se release from
TDN1042 with NBD-CI resulted in the formation of an unidentified adduct rather than
the expected NBD-SeH. This observation was consistent with analogous experiments
done on GY'Y4137, which also formed an unidentified adduct. In addition, we found that
this reaction was significantly faster than the hydrolysis of TDN1042 (Scheme 3.1) based
on 3P NMR experiments. Because the cyclic-PSe compounds hydrolyze faster than
TDN1042, we wanted to further investigate this reactivity and determine whether NBD-
Cl could be used to monitor H2Se release. To test this system initially, we added Cat-PSe
(1.0 equiv.) to a solution of NBD-CI (66 uM in PBS 7.4 buffer) and observed the
expected formation of NBD-SeH (A = 551 nm), which is consistent with H>Se generation
(Figure 3.6¢). When comparing this UV-vis data to *:P NMR hydrolysis experiments,

however, we noted a significant difference in rate, with complete hydrolysis occurring in
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hours as opposed to days. This difference suggests that the presence of a strong
electrophile, such as NBD-CI, will result in a deviation from the assumed pathway of
hydrolysis. Based on these rate differences, we propose that the cyclic-PSe compounds
react directly with NBD-CI to form an intermediate that facilitates the subsequent
liberation of selenide and NBD-SeH formation. Although the NBD-CI trapping system
confirms that these donors are a source of labile reduced Se, we caution other researchers
that NBD-CI trapping experiments should be complemented with other measurements for

RSeS releasing compounds.®’
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Scheme 3.1 Proposed Reaction Pathways for the Reaction of (a) TDN1042 and (b)
Cyclic-PSe Compounds with NBD-CI.

3.2.5 Cell Permeability Studies Using TOF-SIMS

Because H>Se delivery strategies are only beginning to emerge, little is known
about the biocompatibility of these RSeS donors. To help bridge the gap between HzSe
donor development and applications to biological systems, we first focused on
determining whether the prepared donors are cell permeable. To achieve this goal, we
used Time of Flight Secondary lon Mass Spectrometry (TOF-SIMS) to measure the
concentration of different elements in cells that were treated with donors. This method
allows atomic identities to be mapped by monitoring characteristic elemental masses of

ionized particles (e.g. Se™ for selenium, POs™ for phosphorus). Furthermore, ion beam

24



ablation of the exposed frozen cell surfaces allows for 3D elemental maps to be
constructed. Similar approaches based on X-ray fluorescence (XRF) have been used
previously to observe cellular localization of Ebselen, a Se-containing glutathione
peroxidase (GPx) mimic.*

To determine whether H2Se donors were cell permeable, HeLa cells were grown
on silicon chips, incubated with different concentrations of H.Se donors overnight, fixed
with formaldehyde, and measured by TOF-SIMS in depth profiling mode. Cell bodies
and peripheral boundaries were identified by mapping the PO3z™ peak. A high level of
phosphorus is present throughout the cell and also in the cell membrane phospholipid
bilayer (Figure 3.7ai, 3.7bi). To determine whether the H.Se donors are cell permeable,
we measured the total intracellular Se content as a function of H>Se donor concentration.
If the donors are cell permeable, we would expect to observe a dose-dependent increase
in intracellular Se levels up on donor treatment. In the absence of H.Se donors (DMSO
vehicle), the HeLa cells showed only trace levels of intracellular Se (Figure 3.7aii). When
treated with 2AP-PSe, significant Se accumulation was observed within the cell
boundaries (Figure 3.7bii). Cell ablation in the z-axis allowed for 3-dimensional mapping
of intracellular Se, which confirmed that the Se was not solely localized at the cell
surface and had been internalized within the cells (Figure 3.7cii). To further support these
conclusions, we also measured the total Se accumulation in HeLa cells with different
concentrations of 2AP-PSe (Figure 3.7d). The Se™ peak intensity detected within the cell
boundaries was normalized by the total ion intensity, which allowed us to verify a dose-
dependent increase in intracellular Se from 0 - 25 uM, after which the cellular levels
plateau. Taken together, the TOF-SIMS data support that these donors can be used to

increase intracellular Se levels.
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Figure 3.7 TOF-SIMS images of HelLa cells treated with (a) DMSO (vehicle) showing (i)
P, (ii) Se, and (iii) element overlay; (b) 2AP-PSe (50 uM, 18 h) showing (i) P, (ii) Se, and
(iii) element overlay. (c) 3D representations of elemental distributions from the data in
(b), confirming intracellular localization. (d) Cellular Se content as a function of 2AP-
PSe concentration. *p < 0.05; **p < 0.01 vs control group.

3.2.6 Antioxidant Activity of H2Se Donors

Having demonstrated that 2AP-PSe can increase intracellular Se levels, we next
sought to determine whether 2AP-PSe could exert antioxidant activities in live cells. To
probe ROS levels, we used 2’,7'-dichlorofluorescin diacetate (DCFH-DA), a widely-used,
cell-trappable, fluorescent ROS reporter.8 Upon reaction with ROS such as peroxides,
DCFH-DA is oxidized to the highly fluorescent 2',7"-dichlorofluorescein (DCF, Figure
3.8a). Our expectation was that pre-treatment of cells with 2AP-PSe would provide
greater antioxidant activity toward exogenous ROS, which could be monitored directly
by DCFH-DA.

To test this antioxidant activity directly, HeLa cells were treated with 5 - 25 uM
2AP-PSe for 20 hours prior to treatment with 5 uM DCFH-DA for 30 minutes. Cells
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were washed with buffer and subsequently treated with 500 uM of H2O; for 30 minutes.
When compared to background cellular autofluorescence, addition of DCFH-DA resulted
in a small fluorescence increase due to endogenous ROS. Addition of 25 pM of 2AP-
PSe, however, decreased DCF formation, which suggests that 2AP-PSe exerts antioxidant
effects on cells. To determine whether 2AP-PSe could be used to provide protection
against exogenous ROS, we treated HeLa cells with H2O2, and monitored to DCF
fluorescence response. Treatment of cells with 500 uM H2Oz in the absence of 2AP-PSe
resulted in a significant fluorescence response. As expected, pre-treatment of cells with 5,
10, or 25 uM 2AP-PSe significantly reduced DCF formation (Figure 3.8b).
Representative images from these experiments clearly show the fluorescence turn-off
effect caused by treatment with 2AP-PSe (Figure 3.8c). It is unlikely that these effects are
the result of a buildup of H2Se in the cells due to the high reactivity and toxicity of this
species. The antioxidant effect, therefore, should be attributed to an increase in
concentration of selenium-containing metabolites in the cells resulting from gradual HzSe
production. Further study is needed to elucidate the identities of these reducing
metabolites. Taken together, these data show that 2AP-PSe exerts potent ROS scavenging
activity, which is consistent with proposed antioxidant activity selenide-containing

compounds in biology.

3.3 Conclusions

This work advances H2Se donor technology by imparting rate tunability into the
hydrolysis of P=Se motifs. Further 3P and "’Se NMR spectroscopic studies utilizing
alkylative trapping experiments reveal a general mechanism of action, which is consistent
with the proposed mechanism of action. Advancing the biological applications of H.Se
donors, we used TOF-SIMS to demonstrate that 2AP-PSe is cell permeable and increases
intracellular Se levels in a dose-dependent manner. In addition, we show that 2AP-PSe
can reduce ROS and H:O: levels in live cells, which further supports the antioxidant
activity of H.Se. We anticipate that these as well as future H>Se donors will significantly
advance investigations into the roles of reduced RSeS, including H2Se, in biological

investigations.
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Figure 3.8 Demonstrated antioxidant activity of 2AP-PSe on HeLa cells as measured by
(a) dichlorofluorescein diacetate (DCFH-DA) reacting with ROS, where a major decrease
in fluorescence is detected in (b) when the H2Se donor is applied; probe, DCFH-DA, 5
uM; donor, 2AP-PSe, 24 h incubation; H2O2, 500 uM, 30 min incubation; ****p <
0.0001 vs control group. (c) Images of cells under the listed treatment conditions on DIC
and GFP channels.

3.4 Experimental Section
Materials and methods

Reagents were purchased from Sigma-Aldrich, Alfa Aesar, and TCI Chemicals
and were used directly as received. Deuterated solvents were purchased from Cambridge
Isotope Laboratories and used directly as received, except for THF-dg, which was
distilled over sodium and benzophenone prior to use. NBusSeH was prepared as
described in the literature.®® Cat-PSe and 2AP-PSe were prepared as described below, and
spectroscopic data matches previously reported data.®? *H, 3C{*H}, P, and ""Se NMR

spectra were recorded on Bruker 500 and 600 MHz instruments. Chemical shifts are
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reported relative to residual protic solvent resonances for *H and 3C{*H} spectra. All air-
free manipulations were performed in an inert atmosphere using standard Schlenk
techniques or an Innovative Atmospheres No-filled glove box. Fluorescent images were
taken on a Leica DMi8 widefield microscope. Images were analyzed and quantified in

ImageJ.

General synthesis of cyclic-PSe compounds

Woollins’ reagent (0.32 g, 0.60 mmol) and the desired 0-substituted phenol (1.8
mmol) were added to a flask with anhydrous toluene (15 mL) in a glove box. The flask
was then attached to a septum-sealed reflux condenser, removed from the glove box,
attached to a N line, and placed in an oil bath at 130 °C to reflux. The reaction was
monitored by TLC (general reaction time 4 to 10 hours). Upon completion, the reaction
mixture was concentrated in vacuo to afford a black crust, extracted with CH»Cl», and
purified via flash column chromatography (SiO2, 25% EtOAc/hexanes). The identity of
the product was verified by *H, BC{H}, 3!P, and ""Se-NMR. See S| for NMR spectra.
Cat-PSe: Pink powder, 46 mg, 13%. *H NMR (600 MHz, CDCls) &: 7.89 (m, 2H), 7.62
(td, 1H, 3.1 = 1.7 Hz, 3w = 7.5 Hz), 7.49 (td, 2H, 3*-1 = 4.3 Hz, 3°n.n = 7.8 Hz), 7.14-
7.06 (m, 4H). *C{*H} NMR (151 MHz, CDCls) &: 145.8, 134.1, 133.3, 131.2, 128.7,
123.8, 112.8. %P NMR (241 MHz, CDCls3) &: 115.6 (t, J*p-se = 959 Hz, J*p.1 = 16.0 Hz).
"Se NMR (115 MHz, CDClg) &: -177.1 (d, J%-se = 959 Hz).

2AP-PSe: Orange-pink powder, 60 mg, 17%. *H NMR (600 MHz, CDCls) : 7.96
(m, 2H), 7.57 (td, 1H, °.1 = 1.7 Hz, BPu = 7.5 Hz), 7.47 (td, 2H, J*p-n4 = 4.3 Hz, By =
7.8 Hz), 7.05 (d, 1H, J®4.1 = 8.1 Hz), 6.98 (t, 1H, I3+ = 8.0 Hz), 6.89 (t, 2H, Pun = 7.7
Hz), 5.24 (s, 1H). *C{*H} NMR (151 MHz, CDCl3) &: 146.4, 133.6, 133.2, 131.1, 128.4,
112.7, 111.6. 3P NMR (241 MHz, CDCl3) 8: 97.1 (t, J*p-se = 894 Hz, 3.4 = 16.1 Hz).
"Se NMR (115 MHz, CDCls) &: -134.3 (d, J*r-se = 894 Hz).

NMe2AP-PSe: Pink powder, 181 mg, 49%. *H NMR (600 MHz, CDCls) &: 7.86
(m, 2H), 7.57 (td, 1H, I%.4 = 1.7 Hz, 341 = 7.5 Hz), 7.47 (td, 2H, J*.n = 4.3 Hz, Prn =
7.8 Hz), 7.04 (m, 2H), 6.86 (t, 1H, J*4.n = 7.90 Hz), 6.74 (d, 1H, J*+.1 = 7.8 Hz), 3.00 (d,
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3H, 3.4 = 11.8 Hz). *)C{*H} NMR (151 MHz, CDCls) &: 146.3, 136.5, 135.2, 134.4,
133.3,131.3, 128.5, 123.4, 120.1, 112.1, 108.6, 28.03. 3'P NMR (241 MHz, CDCls) &:
103.5 (tq, J*p-se = 894 Hz, 3.4 = 15.3 Hz, %1 = 11.8 Hz). 7’Se NMR (115 MHz,
CDCl3) &: -181.5 (d, J*p-se = 894 Hz). LRMS (ASAP) calc’d for C13H13NOPSe* [M+H]*
310.0, found 310.1.

2AP-PSe-OMe: The crude product was treated with methanol (5 mL), after which
chromatographic purification according to the general procedure produced the title
compound. White powder, 182 mg, 46%. *H NMR (600 MHz, CDCls) &: 7.81 (m, 2H),
7.46 (td, 1H, 3% = 1.7 Hz, *u.n = 7.5 Hz), 7.40 (td, 2H, J*-n = 4.3 Hz, 3®%-n = 7.8 H2),
6.80 (m, 3H), 6.64 (m, 1H), 6.12 (s, 1H), 3.84 (d, 3H). *.C{*H} NMR (151 MHz, CDCls)
5:145.3, 134.1, 133.2, 132.1, 130.6, 128.7, 127.9, 123.2, 121.1, 119.1, 115.4, 52.4. 3P
NMR (241 MHz, CDCls) &: 71.9 (m, J%-se = 817 Hz).”’Se NMR (115 MHz, CDCls) 5: -
211.6 (d, I'pse = 817 Hz).

Hydrolysis studies

Stock solutions of phosphine selenide complexes (60 mM) and triethylphosphate
(30 mM) were prepared in THF in GC vials in a glovebox. Aliquots of 0.10 mL of each
stock solution were added to 0.40 mL PIPES buffer solution (pH 7.4, 100 mM) in NMR
tubes. These NMR tubes were removed from the glovebox with tape-sealed septum caps,
and the samples were monitored via 3'P NMR spectroscopy with gradient shimming and

elongated pulse/relaxation times.

Mechanistic studies with 3P and ”’Se NMR spectroscopy

In a glovebox, the donor (0.035-0.040 mmol) was dissolved in THF-dg (0.50 mL)
and charged to an NMR tube, which was then capped with a septum and sealed with
electrical tape. Baseline 'P and "’Se NMR spectra of the donor solution were acquired
prior to addition of a BnBr stock solution in THF-dg (0.10 mL, 2.0 equiv., also prepared
in a glovebox) and degassed Millipore water (25 pL, 1.4 mmol) via argon-purged
Hamilton syringes. This reaction mixture was shaken and monitored by 3'P and "’Se

NMR spectroscopy over the course of two weeks, revealing the formation and conversion
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of various intermediates to the final products dibenzyl diselenide (Bn.Se2, major) and

dibenzyl selenide (BnzSe, minor).

Hydrolysis monitoring with NBD-CI

A stock solution of tetrabutylammonium hydroselenide (NBusSeH, 10 mM in
DMSO) and NBD-CI (10 mM in DMSOQ) were prepared in a glovebox in GC vials that
were sealed with electrical tape. In a separate glovebox specifically for aqueous work, a
quartz cuvette with septum cap was charged with PBS 7.4 buffer (3.0 mL, 10 mM). The
solutions and cuvette were transported to a UV-vis spectrometer, and a baseline scan
(250-750 nm) was taken before addition of NBD-CI1 solution (20 pL for a 66 pM solution
in the cuvette) and an additional scan to establish the NBD-CI baseline. After this scan,
NBusSeH was titrated into solution (2 uL injections, 0.1 equiv.) until spectral changes
were no longer evident.

The previous procedure was modified slightly to monitor the hydrolysis of the
H>Se donors. Specifically, stock solutions were prepared in THF (10 mM), and the
cuvette was equipped with a stirring flea. Baseline scans were taken as detailed above,
but the donor was added as a single injection (30 pL, 1.5 equiv.), and the hydrolysis was
monitored as the reaction stirred. Scans were taken at 2 nm intervals every 12 seconds for

30 minutes or until spectral changes were no longer evident.

Cell culture

HeLa cells (ATCC) were cultured in DMEM containing phenol red (Gibco) and
supplemented with 10% fetal bovine serum (FBS) (VWR) and 1% penicillin-
streptomycin (PS) (10,000 units/mL penicillin and 10,000 pg/mL streptomycin) (Gibco).

Cells were maintained at 37°C under 5% CO..

Cellular proliferation assay

HeLa cells were seeded in Nunc 96 well Nunclon Delta plates at 10,000 cells/well
under normal culturing conditions. The next day, media was aspirated off and replaced
with FBS-free DMEM containing test compounds in 0.5% DMSO (vehicle). Cells were
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with test compounds for 24 hours before treatment with Cell Counting Kit-8 (CCK-8,

Dojindo Molecular Technologies). Data was normalized to vehicle and pooled.

Cell treatment with 2AP-PSe: TOF-SIMS depth profiling and imaging

HeLa cells were seeded in a 12-well plate containing p-doped (boron) polished
wafers (<100> orientation, Czochralski-grown, resistivity around 0.012 Ohm/cm?) and
were grown overnight in 10% FBS DMEM. The following day, the media was removed,
and the cells were washed (2x FBS-free DMEM), treated with 2AP-PSe (10-100 uM,
0.5% DMSO vehicle) in FBS-free DMEM, and incubated for 18 h. After incubation,
media was aspirated off and wafers were rinsed 3x with pH 7.4 PBS, and fixed with
freshly-prepared 3.7% paraformaldehyde (PFA) in Milli-Q water for 15 minutes at room
temperature. After incubation, PFA was aspirated off and wafers were rinsed 3x with
PBS, 0.1 M ammonium acetate, and Milli-Q water. TOF-SIMS spectra were acquired
with a Model IV TOF-SIMS instrument manufactured by ION-TOF GmbH, Minster,
Germany, using a 25kV Biz* primary ion beam and a 2kV Cs* sputter beam. Typically,
three or four cells were in the field of view during the depth profile. The depth profile
was acquired until all cellular material was ablated, as determined by following the PO3
peak intensity during the profile. Using software provided by the vendor we extracted the
spectra from the cellular material and measured the Se™ peak area. The software provided
the relevant measure of total ion intensity, which was used for normalization. This

protocol allows one to compare relative Se content in the cells.

Cell treatment with 2AP-PSe: ROS assay with DCFH-DA

HeLa cells were plated in glass-bottom imaging dishes (MatTek) at a density of
100,000 cells per dish and were grown in DMEM under normal conditions overnight.
The following day, the media was removed and the cells were washed (2x FBS-free
DMEM). After rinsing, cells were incubated with 2AP-PSe (5-100 uM) for 20 h in FBS-
free DMEM. After incubation the media containing 2AP-PSe was removed, and the cells
were washed (2x FBS-free DMEM). Cells were then treated with DCFH-DA (5 uM, 45

min in serum-free DMEM for 30 minutes. After incubation, cells were rinsed 2x with
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serum-free DMEM and then were incubated with H>O2 (500 uM, 30 min). Cells were
then washed 2x with PBS and imaged in FluoroBrite DMEM (Gibco).
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CHAPTER IV

SELENOCARBAMATES AS H2Se DONORS

This chapter includes unpublished and co-authored material. The manuscript in Chapter 4
was written by Turner D. Newton with editorial assistance by Professor Michael D. Pluth.
The project in this chapter was conceived of by Turner D. Newton and Professor Michael
D. Pluth. The experimental work in this chapter was performed by Turner D. Newton.

4.1 Introduction

Selenium (Se) is an essential micronutrient in human physiology.® 2 Dietary
deficiency of this element can result in debilitating conditions such as Keshan Disease,
which presents as congestive cardiomyopathy and is often fatal.> Additionally, chronic
overconsumption of Se-rich foods such as the Brazil Nut can induce Se poisoning, called
selenosis, which presents as foul breath, loss of hair and nails, and neurodegeneration in
extreme cases. %! Various forms of Se consumed in the human diet are either converted
to selenoproteins, the active form of Se in the body, or are excreted as waste products to
prevent toxic buildup.®

At the crossroads of the metabolic pathways of Se is the highly reactive and toxic
species hydrogen selenide (H2Se), which is vital to the production of selenophosphate
before incorporation into selenoproteins.?® Despite being central in Se metabolism and
crucial to the production of selenoproteins, H2Se has received limited attention from
researchers, leaving gaps in the knowledge surrounding its involvement in other
biological processes and potential for use as a therapeutic agent. Recent years have seen
the advent of a number of small molecule chemical tools for studying the roles and
effects of HzSe in biological settings.*>*® These tools are activated by water or the
presence of thiols, such as cysteine, to release H.Se in a controlled and gradual fashion.
The simplicity of these H>Se donors has given researchers a solid foothold to use for
studying H>Se, but moving forward, we seek to impart elements of complexity to the
field of H>Se donors, such as broadening the palette of stimuli and installing fluorescent

payloads to facilitate biological investigations.
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Recent advances in the field of hydrogen sulfide (H.S) research have shown that
thiocarbamates (TCMSs) can function as indirect sources of H.S. Upon reaction of the
triggering group, they generate carbonyl sulfide (COS), which undergoes assisted
hydrolysis in the presence of the ubiquitous mammalian enzyme carbonic anhydrase
(CA\) to produce HzS (Scheme 4.1a),%°-! Following this chemistry, we wanted to
determine whether similar approaches could be adapted to construct a series of
selenocarbamates (SeCMs) that would release carbonyl selenide (COSe) as an indirect
source of HaSe in the presence of CA (Scheme 4.1b). In addition to advancing the
fundamental chemistry of reactive selenium species (RSeS), if such donors were to
release COSe/H»Se, they would significantly increase the versatility of triggering and
release approaches for H.Se delivery. This approach could be expanded to design SeCMs
that respond to light,% cysteine,® reactive oxygen species (ROS),* and esterases,®
among other stimuli, drawing inspiration from similar approaches for COS/H>S delivery.
Additionally, further improvement from previous H.Se donors would also allow for
diversification of the amine-based payload coupled to the SeCM motif. Development of
these donors will expand the capabilities of H2Se donor technology and shed light on the

fundamental chemistry and biological utility of another elusive RSeS in COSe.

Previous work

S . S
Trigger motif J\ _ Payload Stimulus © )J\r\,/ Payload 0=C=S8 i»HZS
(6) N :e) N
H H \
Trigger motif H,N— Payload
This work ”
Se Stim.ulus
.......... CA
b Trigger motif \O)J\N/ Payload | " ".l.l.00 >, 0=C=Se --7-- » H,Se

H

Figure 4.1 (a) Previous work on thiocarbamates as COS/H>S donors in the presence of
carbonic anhydrase (CA) and (b) the proposed design of selenocarbamate COSe/H>Se
donors with diverse triggers and amine-based payloads.

4.2 Results and Discussion
4.2.1 Photoactive Selenocarbamates
Our initial approach to developing SeCMs centered around using a photoactive 2-

nitrobenzyl group that would initiate the self-immolative cascade in response to light,®?

35



and this trigger was chosen for two main reasons. The first reason is that the synthesis of
the TCM analogs is straightforward compared to others in the literature, and benzyl
alcohol could easily be used as a model unreactive trigger to refine synthetic procedures
if the SeCMs proved difficult. The second reason is that using light as an external
stimulus should prevent side reactivity associated with introducing chemical stimuli
directly to the SeCMs, which could severely hinder mechanistic investigations that are
crucial for new technology. Thus, following the published procedures from our lab on
photoactivatable thiocarbamates (Photo-TCMs) as COS donors,% we were able to
prepare the Se-containing analog (Scheme 4.1). The easily synthesized phenyl and 4-
fluoropheny! isoselenocyanates were made according to the literature,®® and the synthesis
of these compounds was both functional group tolerant, high yielding, and scalable. The
appropriate isoselenocyanate (1.1 equiv.) was then dissolved in THF and added slowly to
an ice-cooled solution of 2-nitrobenzyl alcohol (1.0 equiv.) in THF that had been treated
with sodium hydride (2.5 equiv.) and was protected from light. The reaction was brought
to room temperature and allowed to proceed for 1 h before quenching in brine and
extraction in EtOAc. NMR analysis of the crude mixture showed almost exclusively the
O-alkyl selenocarbamate (1), and upon chromatographic purification, the Se-alkyl (3)
isomer was obtained, suggesting a Newman-Kwart rearrangement®” promoted by silica
gel. The fluorinated analog (2) required no further purification after workup, and later
chromatographic purification of the sample, which had degraded over several months,
also afforded only the Se-alkyl isomer (4). The *H NMR spectra of these compounds
revealed similarities between the Photo-SeCMs and Photo-TCMs, specifically that the
amine proton has a characteristic shift around 8(*H) = 12 ppm for the O-alkyl isomers and
around 5(*H) = 10 ppm for the Se-alkyl isomers. Additionally, the ”’Se NMR spectra
revealed singlet peaks in the §("'Se) = 250-300 ppm range for the O-alkyl isomers and
triplet peaks in the 8("’Se) = 400-450 ppm range for the Se-alkyl isomers, which was in
agreement with similar compounds in the literature.®’ Finally, the °F NMR spectrum of 2
showed a peak at 8(*°F) = -116 ppm, a valuable spectroscopic handle for monitoring the

expected photochemical reaction.
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Scheme 4.1 Synthesis of Photo-SeCMs from isoselenocyanates. The yield for 4 is
unavailable because it was obtained through purification of a degraded sample of 2.

With these compounds in hand, we next examined their behavior, specifically the
fluorinated analog, in response to photoactivation. Upon irradiation of a 50 mM sample
of 2 at 365 nm in THF, conversion from the pF-PhotoSeCM to form products with further
upfield shifts in the °F NMR spectrum was observed (Figure 4.2b). Our initial
hypothesis was that the photoactivation of 2 would generate COSe and 4-fluoroaniline in
addition to 2-nitrosobenzaldehyde (Figure 4.2ai), but this turned out to not be the case.
An authentic sample of 4-fluoroaniline appears at §(*°F) = -130 ppm, but the main peak
observed post-irradiation appeared at 8(*°F) = -122 ppm, which means that 4-
fluoroaniline is not the primary reaction product. Reevaluation of the mechanism based
on the observed chemical shifts in the NMR spectra led us to the conclusion that the main
fluorine-containing product 4-fluorophenyl isocyanate, which was confirmed by
comparison to an authentic sample. Based on this mechanism, HSe/H>Se should be
released directly as the Se-containing product rather than COSe. This observed reactivity
is fundamentally different from the established chemistry of thiocarbamates, and direct
release of HoSe actually facilitates future studies on SeCMs since no probes or other
methods of detection have previously been developed for COSe. Overall, PhotoSeCMs
have shown promise as H>Se donors and have informed us of important mechanistic
differences between TCMs and SeCMs. We will use this understanding to develop a new
class of H>Se donors based on the SeCM motif and bolster the growing toolbox of H>Se
donor technology.
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Figure 4.2 Photoactivation of 2 at 365 nm for 24 h with (ai) the expected reaction
pathway to generate COSe and 4-fluoroaniline, (aii) the observed pathway showing
generation of 4-fluorophenyl isocyanate supported by (b) the *°F NMR spectroscopic
data.

4.2.2 Hydrolysis-active Selenocarbamates

Knowledge gained from the PhotoSeCMs informed us that the SeCM systems are
more complex and sensitive than TCM systems, so we decided to simplify our system by
eliminating the photoactivation trigger. This would theoretically allow us to avoid any
irradiation-induced degradation of carbon- and Se-based species involved in the reaction
and monitor more well-defined products from a direct H,Se-releasing platform. Previous
work in our lab led us to adapt y-ketothiocarbamates (GKTCMs), which are COS/H2S
donors that are activated by hydrolysis. Under hydrolytic-conditions, deprotonation at the
3-position of the GKTCM initiates a self-immolative cascade to generate COS/H»S and
an amine-based payload (similar to Figure 4.3a) with reaction rates increasing with
increasing basicity.?® Our goal was to expand the range of amine-based payloads
available and instill more biological utility in this set of SeCMs. Initial efforts were
directed at preparing simple GKSeCMs with the colorimetric payload of 4-nitroaniline to

facilitate hydrolysis monitoring. We began by attempting to synthesize the parent
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GKSeCM (5) by treating 4-nitrophenyl isoselenocyanate (PNA-NCSe) dissolved in THF
with an excess of 4-hydroxybutanone (10.0 equiv.) and stirring this mixture for several
days, analogous to the published synthesis of thiocarbamates (Scheme 4.2a).%8 Despite
our efforts and modifications, 5 was only ever prepared in an NMR tube and was unable
to be isolated from the reaction mixture, likely due to the decreased stability when
compared to the TCM analog. We then focused on preparing the less reactive methylated
GKSeCM (6) and unreactive dimethylated GKSeCM (7), which were made by treating a
solution of 3-methyl-4-hydroxy-2-butanone (or 3,3-dimethylated analog) and PNA-NCSe
in THF with a sub-stoichiometric amount of DBU (Scheme 4.2b). These GKSeCMs were
isolated in meager yield after chromatographic purification that fortunately did not induce

isomerization as was observed with the PhotoSeCMs.

o

)K/\OH
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R
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b Ny DBU (0.85 equiv.)
Ce
/©/ Sse . )S(\ )L R~
ON THF, Ar, 0 to 25 °C o

7Me-11%

PNA-NCSe PNA-GKSeCM

Scheme 4.2 Synthesis of hydrolysis-active GKSeCMs from 4-nitrophenyl
isoselenocyanate (PNA-NCSe) with colorimetric payloads. (a) Unsuccessful synthesis of
5 led to (b) our pursuit of the methylated analogs, which were successfully synthesized.

With these compounds in hand, we proceeded to evaluate their hydrolytic
behavior and gather kinetic data based on production of the colorimetric payload. These
hydrolysis experiments (Figure 4.3) were conducted in PBS buffer at different pH values.
We observed conversion of 6 (Amax =335 nm) to PNA (Amax = 381 nm), while the
dimethyl version 7 exhibited no reactivity, as expected. Because 4-nitrophenyl isocyanate
is poorly soluble in water, we proposed that the generated isocyanate would rapidly
undergo further hydrolysis to the 4-nitroaniline with carbon dioxide (CO.) as a

byproduct. As expected, the production of PNA occurred more rapidly under basic
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conditions, and relative rate constants were obtained from these experiments, showing a
steep drop off of reaction rate in the most acidic sample. The well-defined hydrolysis
profile of 6 at physiological pH is bodes well for future biological studies on hydrolysis-
active GKSeCMs.

a NO A O:N
R e 0 S
‘\C‘\.
)J?'_TO N PBS Buffer, 37 °C, N N

CO2" Apmax = 381 nm

H
Q.. Amax = 335 nm
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Figure 4.3 Hydrolysis experiment results showing (a) the proposed reaction mechanism
producing PNA, (b) cuvettes before (left) and after (right) hydrolysis monitoring, (c) the
absorbance spectrum of a sample of 6 in PBS (pH 7.4, 10 mM) at 37 °C and under N2,
and (d) plotted pH dependent formation of PNA with tabulated observed rate constants
(Ar = PNA absorbance (381 nm); Ap = 6 absorbance (335 nm)).

Having established the hydrolysis profile of 6, we then sought to investigate the
mechanism of hydrolysis via "’Se NMR spectroscopy using benzyl bromide (BnBr) as an
alkylating agent. BnBr aids in monitoring the Se-atoms in the starting material,
intermediates, and products. After initial baseline analysis, an air-free sample of 6 in
DMSO-ds (50 mM) received BnBr (2.5 equiv.) and basic water (pH 10.0, 25 uL) before
being reanalyzed periodically over 24 h. The resulting "’Se NMR spectra supported our
mechanistic hypothesis (Scheme 4.3). After injecting BnBr and water into the NMR tube,

the initial scans showed the emergence of a triplet at 5("’Se) = 415 ppm, which was
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assigned to intermediate 6i, the shift range and splitting being characteristic of alkylated
selenide species.*® Subsequent scans show the full consumption of 6, an increase in the
intensity of 6i, and the emergence of a small pentet peak at 5("’Se) = 330 ppm that
signifies production of dibenzyl selenide (Bn2Se). Further analysis of the sample revealed
the degradation of BnzSe, full consumption of 6i, and the emergence of a small triplet
peak at 5('’Se) = 394 ppm, which signifies the production of dibenzyl diselenide
(Bn2Sey), another expected product of this reaction. The fleeting intermediate 6ii is not
observable via NMR spectroscopy but must exist along this reaction pathway.

H20 DMSO-ds

(? NO,
NO <:2
BnBr Se —»2 H20 Q Se
)L JN — s n
Y 5 \
o Ny
25°C, Ar 6i 6ii /©/ Csg  1-8("Se) = 330 ppm (p)
5(""Se) = 355 ppm (br s) 5("7Se) = 417 ppm (t) O,N 2-5(""Se) = 394 ppm (t)

Scheme 4.3 7’Se NMR study on the mechanism of hydrolysis of 6 under basic conditions
with BnBr used as an alkylating agent to trap and visualize released selenide species.
(NMR data is crude yet informative and needs to be repeated to achieve publication
quality spectra and will then be included in this figure, which is a scheme for now.)

To further support our hypothesized reaction mechanism, a fluorinated analog of
6 was prepared to confirm the production of isocyanate, which will be apparent in the
resulting °F NMR spectra. Initial attempts at synthesizing this analog used 4-
fluorophenyl isoselenocyanate as the starting material, but the desired product could not
be isolated from the reaction mixture, so 4-(trifluoromethyl)phenyl isoselenocyanate
(PTFM-NCSe) was used instead. The trifluoromethyl moiety possesses a g-value more
similar to the nitro moiety, so the resulting GKSeCM should more closely mimic the
behavior of 6 under hydrolysis conditions.®® (This work is currently in progress; further

discussion will follow completion of these experiments.)

4.2.3 Diversification of Amine-based Payload
After investigation of the hydrolysis behavior and mechanism of action of the
GKSeCM compounds with simple payloads, we sought to diversify the available

payloads to include biologically-applicable fluorescent reporters. Our first pursuit was a
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GKSeCM bearing 7-amino-4-methylcoumarin (AMC-GKSeCM) as the payload, which
was synthesized analogously to the previously discussed GKSeCMs. Unfortunately,
evaluation of the hydrolysis showed no conversion of the starting material even at pH 8.0.
We then moved on to a GKSeCM bearing 4-amino-1,8-naphthalimide (AmNap-
GKSeCM) as the payload, a fluorophore that has been used previously in biological
studies. (The synthesis of this GKSeCM is still underway; further discussion will follow

experiment completion.)

4.3 Conclusions

The growing field of research on H>Se and its roles in biology has led to the
development of a number of small molecule H>Se donors akin to previously produced
H>S donor technology. Current examples in the literature highlight the potential for these
compounds in deepening our understanding of H>Se in biology, but thus far the
technology has been quite simple, and the published donors are either activated by water
or thiols. With the goal of expanding the palette of H2Se donor capability, we have
pursued SeCMs, initially postulated to be indirect sources of H>Se via hydrolysis of
COSe in the presence of CA, a well-established reactivity for TCMs as COS/H.S donors.
Investigations on the photoactivatable SeCMs revealed that the reactivity of SeCMs
deviates significantly from that of TCMs, and SeCMs are now understood to be direct
sources of H>Se that do not produce COSe. This fundamental difference between the
TCM and SeCM motifs led us to simplify our system by eliminating the need for
photoactivation, which can degrade species that may be vital to understanding the
reactivity mechanisms of SeCMs. Hydrolysis-activated GKSeCMs were then studied as
H>Se donors with colorimetric payloads for facile reaction monitoring via UV-vis
spectrometry. The resulting data followed the trends previously observed with the
GKTCMs, where the reaction rate is increased in more basic environments. Subsequent
’Se NMR studies on hydrolysis of GKSeCMs in the presence of an alkylating agent
supported our mechanistic hypothesis on the direct release of H.Se from SeCMs.
Diversification of the amine-based payload to include fluorescent reporters was
successful synthetically, but the prepared GKSeCMs did not exhibit analogous hydrolytic
activity, so further investigations are required to determine the feasibility of appending
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amine-based fluorophores to the SeCM motif. Though many questions have been raised
by this work, overall it marks a significant expansion upon H.Se donor technology as
well as sets the stage for future work on SeCM scaffolds. We now have the capacity to
include diverse triggering groups and amine-based payloads in H>Se donors to facilitate

studying this elusive chalcogenide species in biology.
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CHAPTER V

CONCLUSIONS

The field of research on the roles and fates of Se-containing species in biology has
taken an exciting leap in the last several years. While a slew of organoselenium
compounds have been studied in this light, many were designed as mimics of
selenoproteins, and it was not until 2019 that we began to accumulate tools for studying
the central metabolite in the biological Se cycle, H2Se. Initially, a phthalic
selenoanhydride was developed and described as a radical scavenger and source of H2Se,
but this donor was poorly characterized with scant evidence of H.Se production. The
Pluth Lab staked the claim to the first well-characterized H.Se donor with the publication
of the hydrolysis-active TDN1042, the direct Se-analog of the most widely-studied H2S
donor GY'Y4137. The unfaltering use of GY'Y4137 in biological studies despite the wide
array of tools available for studying H>S in biology suggests that TDN1042 will be a
staple compound in the field for years to come. Its familiar structure provides a
comfortable platform for biological researchers to take steps into studying H.Se.
Previously they would have needed to prepare solutions of H2Se from either selenide
salts or the reduction of elemental selenium, both of which present significant drawbacks
and complications that could deter investigators from pursuing this research. To improve
the utility of TDN1042, we are currently working on preparing the sodium salt analog,
which will remove one of the potentially bioactive morpholine units from the structure of
this compound and facilitate the assessment of the biological effects of H.Se even further.

With the establishment of TDN1042, we then wanted to expand the toolbox of
available H.Se donors, and the progression of donors followed closely to that of
hydrolysis-active H>S donors also based on a central phosphorus atom. This work
culminated in the development of the cyclic-PSe compounds, which exhibit hydrolysis
rates that are far greater than that of TDN1042. The advancements in chemistry witnessed
in the cyclic-PSe work were significant, but the crowning achievement with these
compounds was their application to HeLa cells for the assessment of their cell

permeability, cytotoxicity, and antioxidant activity. The use of TOF-SIMS to determine
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cell permeability and map the areas of Se content in cells was an unusual technique that
was inspired by previous XAS/XFM studies on cellular Se localization, and we expect to
see these techniques refined in coming years to facilitate subcellular localization studies.
Antioxidant activity of H>Se produced from these donors was expected, as it is a strong
reductant, but we were pleased to see that major antioxidant effects occur at
concentrations (5 uM) lower than those that begin to exhibit cytotoxicity (10 uM). While
some biological effects of H.Se have been previously established through selenide
solution administration, this work has set the stage for future studies on the biological
effects of H>Se produced from small molecule donors.

As of 2022, the first H.Se donors from outside of our lab were published as
cysteine-active selenoamides. This work marks both a significant expansion of H.Se
donor technology and a vote of confidence from other researchers in the field for the
work that we have done to facilitate the investigation of H.Se in biology. Turning our
eyes to further expansion of H.Se donor technology, we have recently been developing
SeCMs as H»Se donors. Attractive elements of this technology are the capability for
installing diverse triggering groups and useful amine-based payloads to facilitate
chemical and biological investigations The initial idea of using these compounds as
COSe donors and indirect sources of H>Se in analogy to TCMs as COS/H2S donors was
sound, but we discovered a deviation in reactivity from TCMs to SeCMs. Rather than
releasing COSe and an amine payload, the SeCMs release H>Se directly with an
isocyanate payload. Our initial efforts on the SeCM front saw us preparing
photoactivatable SeCMs based on the photoactivation of the 2-nitrobenzyl motif, and
installation of a fluorine-containing payload led us to conclude that the isocyanate is
produced rather than the amine. We have additionally prepared hydrolysis-active SeCMs
based on the deprotonation at the 3 position of the y-ketoselenocarbamate, leading to self-
immolation and expulsion of a colorimetric payload along with H>Se. Work still remains
to be done on this front, but we ultimately hope to develop a comprehensive toolbox of
SeCMs with diverse triggering mechanisms and payloads. The future of SeCMs is bright
and will bring deeper understanding to the roles and effects of H.Se in biology. The work

discussed in this dissertation marks my contributions to the field of H.Se research, and |

45



am both honored to have had the opportunity to make such contributions and excited to

see where future investigations take us.
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APPENDIX A

SUPPLEMENTARY INFORMATION FOR CHAPTER Il

Appendix A is the supplementary information for Chapter 2 of this dissertation. It

includes experimental procedures, spectra, and data relevant to the content of Chapter 2.

Materials and Methods

Reagents were purchased from Sigma-Aldrich, Alfa Aesar, and TCI Chemicals and were
and used directly as received. Deuterated solvents were purchased from Cambridge Isotope
Laboratories and used directly as received. *H, $3C{*H}, 3IP, and "Se NMR spectra were
recorded on Bruker 500 and 600 MHz instruments. Chemical shifts are reported relative to
residual protic solvent resonances for *H and *C{*H} spectra. All air-free manipulations
were performed in an inert atmosphere using standard Schlenk techniques or an Innovative

Atmospheres N»-filled glove box.

Synthesis of TDN1042
s s uk o
ge Pi@ O\) (5 equiv.) . . e M2
Woollins' CHyCly, Ar, 11, 5h [ j TDN1042
Reagent o (52%)

Scheme Al. Synthesis of TDN1042 from Woollins’ Reagent

Morpholinium morpholinophenylphosphinodiselenoate (TDN1042). Woollins’
reagent (0.54 g, 1.0 mmol) was added to anhydrous CH2Cl> (10 mL) in a flame-dried round
bottom flask under argon. Morpholine (0.44 mL, 5.1 mmol) was added using an air-tight
syringe, and the resultant reaction mixture was allowed to stir for 5 h at room temperature.
The reaction mixture was then filtered, leaving behind a black precipitate. The resultant
golden-yellow filtrate was concentrated under reduced pressure to approximately 10% of
the initial volume and cooled to 0 °C to promote crystallization. The resulting precipitate

was isolated via filtration, washed with CH2Cl> (3.0 mL), and dried overnight under
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reduced pressure to afford a white, microcrystalline solid (0.46 g, 52% vyield). The identity
of the product was verified by *H, *C{*H}, 3!P, and "’Se-NMR. Crystals suitable for
structural determination were obtained by slow layering of hexane into a dilute solution of
the product and CH,Clz. *H NMR (600 MHz, DMSO-d®) &: 8.67 (s, 2H), 8.08 (dt, 1H, 3Jp.
n = 2 Hz), 8.07(dt, 1H, 3Jp.n = 1 Hz), 7.30 (m, 3H), 3.76 (m, 4H), 3.50 (t, 4H), 3.11 (m,
4H), 2.75 (m, 4H). *C{*H} NMR (151 MHz, DMSO-d®) 8: 142.97, 141.95, 130.78, 128.68,
126.57, 66.21, 63.34, 45.45, 42.93. 3P NMR (241 MHz, DMSO-d®) &: 62.10 (s, 1Jp.se =
671 Hz). ”"Se NMR (115 MHz, DMSO-d®) &: 8.22 (d, 1J = 671 Hz). TOF MS (ES") (m/2):
[M + H]" calc’d for C10H13NOPSe; 353.9065; found 353.9064.
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Figure Al. *H NMR (600 MHz, DMSO-d®) spectrum of TDN1042.
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Figure A2. 3C{*H} NMR (151 MHz, DMSO-d®) spectrum of TDN1042.
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Figure A3. *'P NMR (241 MHz, DMSO-d®) spectrum of TDN1042.
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Figure A4. "’Se NMR (115 MHz, DMSO-d®) spectrum of TDN1042.

Hydrolysis Studies

Stock solutions of TDN1042 (70 mM) and triethylphosphate (35 mM) were prepared in
DMSO-d® in GC vials in a glovebox. Aliquots of 0.10 mL of each stock solution were
added to 0.50 mL citrate or HEPES buffers (pH 3.0-7.4, 50 mM) in NMR tubes. These

NMR tubes were removed from the glovebox and flame sealed under vacuum.

Recorded spectra:
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Figure A5. *'P NMR (202 MHz, DMSO-d®) spectra of TDN1042 hydrolysis at pH 3.0.
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Figure A6. *!P NMR (202 MHz, DMSO-d®) spectra of TDN1042 hydrolysis at pH 3.6.
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Figure A7. %P NMR (202 MHz, DMSO-d®) spectra of TDN1042 hydrolysis at pH 4.0.

l 284 hr
A
A 1 I 143 hr
A 1 119 hr
A l I 95.1 hr
A l L 70.1 hr
A | L 51.7hr
A 243 hr
A
A jL I 16.8 hr
A
A 5.00 h
A I 10 min
r T T T v v r T T
0 60 50 40 30 20 10 0 -10

Chemical Shift (ppm)

Figure A8. *1P NMR (202 MHz, DMSO-d®) spectra of TDN1042 hydrolysis at pH 5.0.
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Figure A9. *'P NMR (202 MHz, DMSO-d®) spectra of TDN1042 hydrolysis at pH 6.0.

H2Se Trapping Experiments

Trapping Experiments with BnBr.

In a glovebox, TDN1042 (20 mg, 0.045 mmol) was dissolved in DMSO-d® (0.50
mL) in an NMR tube, capped with a septum, and sealed with electrical tape. Benzyl
bromide (BnBr, 44 pL) was dissolved in DMSO-d® (0.20 mL) in a septum-capped vial in
a glovebox. Baseline *H, *C{*H}, 3P, and ""Se NMR spectra of the TDN1042 solution
were acquired prior to addition of the BnBr stock solution (0.10 mL, 0.18 mmol) and
degassed Millipore water (25 uL, 1.4 mmol) were injected by syringe. This reaction was
monitored by NMR spectroscopy over the course of two weeks. Analysis revealed the
formation of an alkylated intermediate (1) (§(*'P) = 69 ppm; 5("’Se) = 354 ppm, -129 ppm)
and the generation of both the Bn,Se (5("’Se) = 330 ppm) and Bn,Se; product (5("’Se) =
394 ppm), the latter of which is generated through auto-oxidation.
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Scheme A3. Proposed pathway for the hydrolysis of TDN1042 in the presence of BnBr,
leading to an alkylated intermediate (1) with further hydrolysis affording a trapped selenide
product Bn,Se (auto-oxidation pathway to BnoSe; is not included here).
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Figure A11. *'P NMR (242 MHz, DMSO-d®) spectra of TDN1042 hydrolysis in the
presence of BnBr.
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Figure A12. "’Se NMR (115 MHz, DMSO-d®) spectra of TDN1042 hydrolysis in the
presence of BnBr.

T T T T T T T T
395.0 394.5 394.0 393.5 393.0 392.5 392.0 391.5
Chemical Shift (ppm)

R e T R AR T S R S T S R A RS TR

T T T T T T T T T
600 500 400 300 200 100 0 -100 -200
Chemical Shift (ppm)

Figure A13. 7’Se NMR (115 MHz, DMSO-d®) spectrum of an authentic sample of Bn,Se..

Trapping Experiments with FDNB.
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Volatilization and trapping apparatus can be seen in the main text (Figure 5a). The
sample vial (centrifuge tube, 15 mL) contained H>O (2.0 mL, 0.11 mol), TDN1042 (30 mg,
0.068 mmol), and n-octanol (2 drops) was connected with PE tubing to the trapping vial
(15 mL glass tube). This trapping vial contained FDNB (15 pL, 0.12 mmol) and NaHCO3
(15 mg, 0.18 mmol) in N,N-dimethylformamide (DMF, 1.6 mL) and H>O (0.40 mL), and
it was connected to the second trapping vial (15 mL glass tube) that contained a solution
of AgNOs (3.0 mL, 0.10 M in H20, 0.30 mmol) meant for sequestering any excess H>Se.
Then, a N2 line was connected to the Y-adapter, the Y-adapter’s other side was sealed, and
the Y-adapter was connected to the sample tube. The apparatus was purged with N> for 15
minutes, then concentrated HCI (3.0 mL, 36 mmol) was quickly injected through the sealed
side of the Y-tube, and the reaction was allowed to proceed for 30 minutes. After this time,
the FDNB-containing vial was extracted with benzene (3 x 10 mL), and this extract was
dried over MgSOs and filtered before being concentrated in vacuo. The resulting oil was
dissolved in DMSO and subjected to HPLC analysis.

0N NO
S 2 ]@/ 2 NO, O,N NO,
e
o @/ 7\ s
Q%—Se H,N o  HC e F . NaHCO,4 /C[ e@ + \©isé8e
/ 2
0N NO, N J@\NO

[Nj H,0, N, DMF, H,0, N, 0,
O2N 2
o TDN1042 (DNP),Se

(DNP),Se,

Scheme A4. Pathway for the volatilization of H>Se from TDN1042 and trapping with
FDNB.
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Figure Al4. HPLC trace of volatilization-trapping reaction mixture (H20(5%
MeOH):CH3CN = 35:65, 280 nm) revealing the presence of FDNB (3.0 min), (DNP)2Se
(5.7 min), and (DNP),Se> (7.8 min).

Authentic samples of (DNP).Se, (DNP).Se>, and FDNB were used to verify retention times
for HPLC experiments. (DNP).Se and (DNP).Se> were prepared as described in the
literature’ and recrystallized from hot nitrobenzene layered with EtOH to afford yellow
needles (152 mg, 20%). This preparation afforded a mixture of the monoselenide and
diselenide, which is consistent with the reported reaction products.
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Scheme A5. Synthesis of (DNP).Se and (DNP).Se;.
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Figure A15. 'H NMR (600 MHz, DMSO-d®) spectrum of (DNP),Se and (DNP)2Se2
mixture.
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Figure A16. *C{*H} NMR (151 MHz {600 MHz}, DMSO-d°®) spectrum of (DNP).Se
and (DNP)2Se2 mixture.

520.74
513.43

T T T T T T T T T
700 650 600 550 500 450 400 350 300
Chemical Shift (ppm)

Figure A17. 7’Se NMR (115 MHz, DMSO-d®) spectrum of (DNP),Se and (DNP)2Se>
mixture.
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Figure A18. HPLC trace (H20(5% MeOH):CH3CN = 35:65, 280 nm) of (DNP).Se (5.6
min) and (DNP).Sez (7.7 min) mixture.
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Figure A19. HPLC trace (H20(5% MeOH):CH3CN = 35:65, 280 nm) of FDNB (3.0
min).
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APPENDIX B

SUPPLEMENTARY INFORMATION FOR CHAPTER IlI

Appendix B is the supplementary information for Chapter 3 of this dissertation. It

includes spectra and data relevant to the content of Chapter 3.

NMR spectra of phosphine selenide compounds
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Figure B1. *H NMR (600 MHz, CDClIs) spectrum of Cat-PSe.
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Figure B2. BC{*H} NMR (151 MHz, CDClIs) spectrum of Cat-PSe.
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Figure B3. 3P NMR (241 MHz, CDCls3) spectrum of Cat-PSe.
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Figure B5. 'H NMR (600 MHz, CDCls) spectrum of 2AP-PSe.
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Figure B6. BC{*H} NMR (151 MHz, CDCls) spectrum of 2AP-PSe.
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Figure B7. 1P NMR (241 MHz, CDCls) spectrum of 2AP-PSe.
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Figure B8. 7"Se NMR (115 MHz, CDClIs) spectrum of 2AP-PSe.
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Figure B9. *H NMR (600 MHz, CDCls) spectrum of NMe2AP-PSe.
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3P NMR (241 MHz, CDCls3) spectrum of NMe2AP-PSe.
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Figure B12. ""Se NMR (115 MHz, CDCIs) spectrum of NMe2AP-PSe.
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Figure B13. 'H NMR (600 MHz, CDClIs) spectrum of 2AP-PSe-OMe.
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Figure B14. 3C{*H} NMR (151 MHz, CDCls) spectrum of 2AP-PSe-OMe.
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Figure B15. 3P NMR (241 MHz, CDCls) spectrum of 2AP-PSe-OMe.

67



g2
s
ga
85
\
A(d)
-211.62
1(816.69)
T T T T T T T T
-204 -206 -208 -210 -212 -214 -216 -218
Chemical Shift (ppm)
S
T T T T T T T
300 600 400 200 0 -200 -4C
Chemical Shift (ppm)

Figure B16. ""Se NMR (115 MHz, CDClIs) spectrum of 2AP-PSe-OMe.
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Crystallographic Data

Table B1. Tabulated crystallographic data from structural analysis.

NMe2AP-PSe 2AP-PSe-OMe
formula C13H12NOPSe C13H14NO2PSe
fw 308.17 326.18
temperature (K) 173 (2) 173 (2)
crystal syst monoclinic monoclinic
space group P 2i/c P 2i/c
a(A) 8.3447(7) 10.368(2)

b (A) 9.6454(8) 13.157(3)

c(A) 16.0701(13) 11.153(2)

o (deg) 90 90

S (deg) 103.323(1) 117.417(3)

7 (deg) 90 90

V (A% 1258.64(18) 1350.6(4)

Z 4 4

p(mm) 1.626 1.604

F(000) 616.0 656.0

cryst size (mm?®) 0.18 x 0.16 x 0.11 0.17x 0.14 x 0.11
@range (deg) 2.51-30.31 2.21-27.85
completeness to 8 (%) 97.0 99.7

total reflns 11912 12129

indep reflns 3702 3332

Data / restraints / param 3702/ 0/ 202 3332/0/219
max, min transmn 0.746, 0.640 0.746, 0.662
R1 (WR2) [I > 2¢6()] 0.0254 (0.0641) 0.0319 (0.0651)
R1 (WR2) 0.0303 (0.0664) 0.0517 (0.0705)
GOF (F?) 1.049 1.051

max, min peaks (e A®)  0.643, -0.349 0.380, -0.387
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Figure B17. Crystal structure of NMe2AP-PSe (ORTEP ellipsoid, 50% probability)
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Figure B18. Crystal structure of 2AP-PSe-OMe (ORTEP ellipsoid, 50% probability)

70



Hydrolysis Studies

O\ ,/Se HZO O\ //O
P S —_ P Z =0, NH, NMe
z ~ > Z

Cyclic Phosphine H,Se Cyclic Phosphine
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Scheme B2. Proposed general pathway of hydrolysis for Cyclic-PSe compounds
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Figure B19. 3P NMR (202 MHz, THF) spectra of Cat-PSe hydrolysis at pH 7.4.

)

A A
A

. M

T T T T T
50 40 30 10 0

20
Chemical Shift (ppm)

Figure B20. 3P NMR (202 MHz, THF) spectra of 2AP-PSe hydrolysis at pH 7.4.
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Figure B21. 3P NMR (202 MHz, THF) spectra of NMe2AP-PSe hydrolysis at pH 7.4.

H2Se Trapping Experiments with BnBr

//Se O OH BnBr SeH Se
P SeH —_— —_— 2
\© THF- d8 @

BnSeH Bn,Se,
Cat-PSe 5(""Se) = 78 ppm (dt) 5(""Se) = 400 ppm (t)
3(3'P) = 115 ppm (tt) 3(3'P) = 79 ppm (t*) J'hse = 45 Hz
5(""Se) = -187 ppm (d) 3(""Se) = -213 ppm (d)
— _ Cat-PO
Jp.se = 968 Hz Jp.se = 861 Hz

3(3'P) = 16 ppm (s*)

Scheme B3. Proposed pathway for the hydrolysis of Cat-PSe in the presence of BnBr,
leading to an anionic intermediate (1) with further hydrolysis affording a trapped selenide
product Bn,Se; via auto-oxidation of generated BnSeH.
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Figure B22. 3P NMR (242 MHz, THF-d®) stacked spectra of Cat-PSe hydrolysis in the
presence of BnBr.
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Figure B23. "’Se NMR (115 MHz, THF-d®) stacked spectra of Cat-PSe hydrolysis in the
presence of BnBr.
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Scheme B4. Proposed pathway for the hydrolysis of NMe2AP-PSe in the presence of
BnBr, leading to the trapped selenide product Bn,Se> via generation of BnSeH with rapid
auto-oxidation.
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Figure B24. 3P NMR (242 MHz, THF-d®) stacked spectra of NMe2AP-PSe hydrolysis
in the presence of BnBr.
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Figure B25. 7Se NMR (115 MHz, THF-d®) stacked spectra of NMe2AP-PSe hydrolysis
in the presence of BnBr.

Cellular Proliferation and Antioxidant Activity Assays
Cell viability assay: CCK8 with 2AP-PSe in HeLa cells

Bl Trial 1
B Trial 2

Normalized Absorbance

0 Veh 5 uM 2AP-PSe 10 uM 2AP-PSe 25 uM 2AP-PSe 50 M 2AP-PSe
Treatment

Figure B26. CCK8 assay results of incubating 2AP-PSe with HelLa cells for 20 h.
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APPENDIX C
SUPPLEMENTARY INFORMATION FOR CHAPTER IV

Appendix C is the supplementary information for Chapter 4 of this dissertation. It

includes experimental procedures, spectra, and data relevant to the content of Chapter 4.

Materials and methods

Reagents were purchased from Sigma-Aldrich, Alfa Aesar, and TCI Chemicals and were
and used directly as received. Deuterated solvents were purchased from Cambridge Isotope
Laboratories and used directly as received. *H, 3C{*H}, *°F, and "Se NMR spectra were
recorded on Bruker 500 and 600 MHz instruments. Chemical shifts are reported relative to
residual protic solvent resonances for *H and *C{*H} spectra. All air-free manipulations
were performed in an inert atmosphere using standard Schlenk techniques or an Innovative

Atmospheres N-filled glove box.
Synthesis of isoselenocyanates

1. TEA (2.1 equiv.)
2. Triphosgene (0.5 equiv.)

H
N. _H 3. 8e% (2.5 equiv.) N\\C
Z CH,Cl,, Ar, reflux Z

Z=F, CF3 NO,

Scheme C1. General synthesis of isoselenocyanates from formanilides.

4-nitrophenyl isoselenocyanate. To an oven-dried flask was added CH2Cl (25.0
mL), 3 A molecular sieves, and 4-nitroformanilide (600 mg, 3.60 mmol). The flask was
capped with a septum and placed on a stir plate, where it received triethylamine (1.15 mL,
7.60 mmol); the flask was then connected to a condenser, the atmosphere was purged with
argon from a balloon, and the apparatus was lowered into an oil bath at 45 °C. Once
refluxing, a solution of triphosgene (650 mg, 1.80 mmol) in CH2Cl> (5.00 mL) was added

dropwise over 30 minutes. After full addition, the mixture was allowed to reflux for 3 hours

76



before selenium powder (710 mg, 9.00 mmol) was added. TLC analysis (3:1
hexanes/EtOAc) was conducted, and the reaction was allowed to reflux overnight, with
subsequent TLC analysis revealing the completion of the reaction (R = 0.55). The mixture
was then removed from the oil bath, allowed to cool to room temperature, filtered through
a celite pad, and concentrated to dryness. The resulting crude product was purified via SiO2
column chromatography (gradient hexanes to 1:1 EtOAc/hexanes) to afford a yellow solid
(0.571 g, 70%). 'H NMR (600 MHz, CDCls) &: 8.27 (m, 2H), 7.43 (m, 2H). B®C{*H} NMR
(151 MHz, CDCls) &: 146.21, 135.85, 135.72, 126.90, 125.32. ”"Se NMR (115 MHz,
CDCl3) 8: -255.85 (5).

4-fluorophenyl isoselenocyanate. This compound was obtained from an identical
procedure on 7.40 mmol scale as a red-orange solid (1.16 g, 78%). *H NMR (600 MHz,
CDCl3) 8: 7.28 (m, 2H), 7.39 (m, 2H). 3C{*H} NMR (151 MHz, CDCl3) &: 161.58 (d, Jic-
F= 250.75 Hz), 129.98, 127.92 (d, Jsc-r = 9 Hz), 125.94, 116.82 (d, Joc-r = 23 Hz). *°F
NMR (564 MHz, CDCls) &: -110.21 (m). ""Se NMR (115 MHz, CDCls) &: -298.68 (s).

4-(trifluoromethyl)phenyl isoselenocyanate. This compound was obtained from an
identical procedure on 3.70 mmol scale as a red-orange solid (1.16 g, 78%). *H NMR (600
MHz, CDCls) &: 7.64 (d, 2H), 7.39 (d, 2H). *C{*H} NMR (151 MHz, CDCls) &: 133.16,
129.81 (g, Jice = 33 Hz), 126.91 (0, Joc-F = 4 Hz), 126.49, 124.37, 122.56. °F NMR (564
MHz, CDCls) §: -62.73 (s). "’Se NMR (115 MHz, CDCls) §: -278.65 (s).

Phenyl isoselenocyanate. This compound was obtained from an identical procedure
on 1.50 mmol scale as a clear-yellow liquid (264 mg, 95%). *H NMR (600 MHz, CDCls)
§: 7.39-7.31 (m, 3H), 7.29 (m, 2H). BC{*H} NMR (151 MHz, CDCls) §: 129.75, 129.62,
129.21, 128.15, 126.15. "’Se NMR (115 MHz, CDCls3) &: -297.58 (s).
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Synthesis of selenocarbamates

NaH ( 25equw )k k
s¢” \©\ ©\/\ THF, Ar, 1h ’ ©\/\ H
0°c tcl; RT NO2 NO
Z=H,F

o
(1.0 equiv.) 1-2
2-7

H
(1.1 equiv.) F

Scheme C2. General synthesis of PhotoSeCMs from isoselenocyanates.

PFA-PhotoSeCM (2). To an oven-dried flask was added THF (12.0 mL) and 2-
nitrobenzyl alcohol (153 mg, 1.00 mmol), then the flask was septum-sealed, wrapped in
foil, purged with argon from a balloon, and placed in an ice bath to cool for 20 min. After
this time, NaH (60% on paraffin, 120 mg, 3.00 mmol) was added under a positive
pressure of argon, then the flask was removed from the ice bath and allowed to acclimate
to room temperature, the atmosphere being repurged with argon. After 30 min, 4-
fluorophenyl isoselenocyanate (240 mg, 1.20 mmol) in THF (3.00 mL) was added
dropwise to the flask, turning the reaction mixture a deep red color. TLC analysis (1:1
EtOAc/hexanes) was conducted periodically over the course of an hour to monitor
formation of the product 2 (Rf = 0.50) and the undesired isomer 4 (R¢ = 0.30); when
formation of 4 was observed, the reaction was quenched in brine. The resulting mixture
was extracted in EtOAc (3x15 mL), dried over MgSOs., filtered, and concentrated to
dryness. The resulting orange solid (181 mg, 51%) was shown to be acceptably pure for
future studies without further purification. *H NMR (600 MHz, d®-DMS0) &: 11.91 (s,
1H), 8.15 (d, 1H), 7.87-7.53 (m, 4H), 7.40 (m, 1H), 7.28-7.16 (m, 2H), 6.01 (s, 2H).
BC{*H} NMR (151 MHz, d®-DMSO0) 5: 189.38, 147.81, 134.72, 134.19, 131.42, 129.93,
126.78, 125.42, 125.24, 116.13, 72.59. °F NMR (564 MHz, CDCls) : -116.05 (m). "Se
NMR (115 MHz, d®-DMSO) &: 278.34 (s).

PhotoSeCM (1). An identical procedure was followed on a 1.25 mmol scale to
afford this product as an orange solid (80 mg, 19%). *H NMR (600 MHz, d5>-DMSO) &:
11.78 (s, 1H), 8.14 (s, 1H), 8.21 (d, 2H), 7.72 (m, 3H), 7.35 (m, 6H), 7.19 (brs, 2H), 6.82
(brs, 1H), 5.72 (s, 2H). *C{*H} NMR (151 MHz, d®-DMSO) §: 189.41, 153.42, 147.79,
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134.67, 134.55, 132.76, 129.71, 129.29, 125.44, 123.00, 121.93, 118.69, 72.61, 62.92.
77Se NMR (115 MHz, d5-DMSO) §: 281.16 (s).

]

)H/\OH
(1.0 equiv.) b
N\\C\\ DBU (0.75 equiv.) % jf
Se > Y
z H

THF, Ar, 0 to 25 °C
Z= CF3, N02 Z= CF3, N02

Scheme C3. General synthesis of GKSeCMs from isoselenocyanates.

PNA-MeGKSeCM (6). To an oven-dried flask was added THF (20.0 mL) and PNA-
NCSe (0.300 g, 1.32 mmol) before the flask was capped with a septum and placed on a stir
plate, then 4-hydroxy-3-methyl-2-butanone (148 pL, 1.44 mmol) was added dropwise over
5 minutes. The flask was then wrapped in foil and placed in an ice bath for 20 minutes
before DBU (148 uL, 1.00 mmol) was added, turning the yellow mixture red-brown; the
atmosphere was then purged with argon from a balloon. TLC analysis was conducted (1:1
hexanes/EtOAcC) periodically to monitor product formation, and after 6 hours, the reaction
was quenched with brine (25 mL). The resulting mixture was extracted with EtOAc (3 X
20 mL), the organic layers were combined and dried over MgSQ4 before filtration and
concentration to dryness in vacuo. The resulting crude material was purified via SiO;
column chromatography (gradient of hexanes to 1:1 hexanes/EtOAc) to afford a yellow-
orange solid (37.9 mg, 9%). The identity of the product was verified by *H, 3C{*H}, and
’Se-NMR spectroscopy. *H NMR (600 MHz, d®-DMSO) &: 12.17 (s, 1H), 8.21 (d, 2H),
7.61 (brs, 2H), 4.70 (m, 2H), 3.17 (g, 1H), 2.18 (s, 3H), 1.13 (d, 3H). *C{*H} NMR (151
MHz, d®-DMSO) §: 209.68, 192.10, 144.05, 125.74, 125.21, 122.28, 76.51, 45.48, 28.87,
13.46.77Se NMR (115 MHz, d®-DMSO) §: 350.94 (brs).

PNA-Me>GKSeCM (7). An identical procedure was followed on a 0.25 mmol
scale to afford this product as a yellow solid (9.1 mg, 11%). *H NMR (600 MHz, d®-
DMSO0) &: 12.17 (s, 1H), 8.22 (d, 2H), 7.54 (brs, 2H), 4.65 (s, 2H), 2.17 (s, 3H), 1.18 (S,
6H). 3C{*H} NMR (151 MHz, d®-DMSO0) &: 211.36, 191.04, 144.62, 125.16, 122.51,
81.11, 47.87, 25.78, 21.79. ”’Se NMR (115 MHz, d®-DMSO0) &: 352.81 (brs).
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NMR spectra of synthesized compounds
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Figure C1. *H NMR (600 MHz, CDCls) spectrum of 4-nitrophenyl isoselenocyanate.
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Figure C2. 3C{*H} NMR (151 MHz, CDCls) spectrum of 4-nitrophenyl isoselenocyanate.
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Figure C3. "’Se NMR (115 MHz, CDCls) spectrum of 4-nitrophenyl isoselenocyanate.
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Figure C4. *H NMR (600 MHz, CDCls) spectrum of 4-fluorophenyl isoselenocyanate.
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Figure C5. 3C{*H} NMR (151 MHz, CDCls) spectrum of 4-fluorophenyl
isoselenocyanate.
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Figure C6. *°F NMR (564 MHz, CDClIs) spectrum of 4-fluorophenyl isoselenocyanate.
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Figure C7. ""Se NMR (115 MHz, CDCls) spectrum of 4-fluorophenyl isoselenocyanate.
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Figure C8. 'H NMR (600 MHz, CDCls) spectrum of 4-(trifluoromethyl)phenyl
isoselenocyanate.
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Figure C9. BC{*H} NMR (151 MHz, CDCls) spectrum of 4-(trifluoromethyl)phenyl

isoselenocyanate.
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Figure C10. F NMR (564 MHz, CDCls) spectrum of 4-(trifluoromethyl)phenyl

isoselenocyanate.
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Figure C11. ""Se NMR (115 MHz, CDCls) spectrum of 4-(trifluoromethyl)phenyl
isoselenocyanate.

" 740 736 732 728 724
Chemical Shift (ppm)

L

e

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

Figure C12. *H NMR (600 MHz, CDCls) spectrum of phenyl isoselenocyanate.
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Figure C13. BC{*H} NMR (151 MHz, CDClIs) spectrum of phenyl isoselenocyanate.
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Figure C14. "’Se NMR (115 MHz, CDCls) spectrum of phenyl isoselenocyanate.
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Figure C15. *H NMR (600 MHz, DMSO-d®) spectrum of PhotoSeCM.
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Figure C16. *C{*H} NMR (151 MHz, DMSO-d®) spectrum of PhotoSeCM.
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Figure C17. "’Se NMR (115 MHz, DMSO-d®) spectrum of PhotoSeCM.
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Figure C18. 'H NMR (600 MHz, DMSO-d®) spectrum of pF-PhotoSeCM.
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Figure C19. *C{*H} NMR (151 MHz, DMSO-d®) spectrum of pF-PhotoSeCM.
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Figure C20. *°F NMR (564 MHz, DMSO-d®) spectrum of pF-PhotoSeCM.
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Figure C21. "’Se NMR (115 MHz, DMSO-d®) spectrum of pF-PhotoSeCM.
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Figure C22. 'H NMR (600 MHz, DMSO-d®) spectrum of PNA-MeGKetoSeCM.
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Figure C23. *C{*H} NMR (151 MHz, DMSO-d®) spectrum of PNA-MeGKetoSeCM.
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Figure C24. "’Se NMR (115 MHz, DMSO-d®) spectrum of PNA-MeGKetoSeCM.
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Figure C25. *H NMR (600 MHz, DMSO-d®°) spectrum of PNA-Me,GKetoSeCM.
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Figure C26. *C{*H} NMR (151 MHz, DMSO-d®) spectrum of PNA-Me,GKetoSeCM.
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Figure C27. "’Se NMR (115 MHz, DMSO-d®) spectrum of PNA-Me,GKetoSeCM.

Hydrolysis Studies

NO O,N O,N
.C7
)H/\O N PBS Buf‘fer,i N i NH,
37°C,N co, _
PNA-MeGKetoSeCM 2 Amax = 381 nm

ste

Scheme C4. Proposed general pathway of hydrolysis for GKSeCM compounds to produce

H>Se and 4-nitroaniline (PNA).

General hydrolysis procedure: A stock solution of the GKSeCM (10 mM in

DMSO) was prepared in a glovebox in a GC vial along with a quartz cuvette (1 cm, septum
cap, stir flea) containing PBS buffer (3.0 mL, pH 7.4, 10 mM). After removal from the

glovebox, the cuvette was placed in the Cary 60 UV-vis spectrometer to warm to 37 °C

while the experimental software was prepared: 650-250 nm scan window, 2 nm resolution,

scan every 30 min. Once prepared, the baseline scan was taken, the GKSeCM was injected

(20 pL, making 66 uM solution in cuvette), and the experiment was started. Over time, a

decrease in absorbance at 335 nm (Ap) was observed along with an increase in absorbance
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at 381 nm (Ap), signifying consumption of GKSeCM and production of PNA. When
completed, this data was worked up so that Ar/Ap could be plotted against time to obtain

observed rate constants (Kobs).
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Figure C28. Representative hydrolysis curve from pH 6.0 sample with inset values from
fitting an exponential decay function.
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Figure C29. Representative hydrolysis curve from pH 7.4 sample with inset values from
fitting an exponential decay function.
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Figure C30. Representative hydrolysis curve from pH 8.0 sample with inset values from
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Table C1. Tabulated kinetic data from triplicate hydrolysis experiments at different pH.

Time (s)

— T T T T T T T T T T T T T 1
-20000 O 20000 40000 60000 80000 100000 120000 140000 160000

pH 6.0 1 2 3 Avg StDev | Err
t-value 423582.3 | 4083729 | 416013.7 | 415989.6 6209.2 | 1%
kobs 2.361E-06 | 2.449E-06 | 2.404E-06 | 2.404E-06 | 3.59E-08 | 1%
pH7.4 1 2 3 Avg StDev | Err
t-value 41692.8 38275.3 39208.8 39725.6 1442.3 | 4%
kobs 2.398E-05 | 2.613E-05 | 2.550E-05 | 2.521E-05 | 9.00E-07 | 4%
pH 8.0 1 2 3 Avg StDev | Err
t-value 28587.2 32011.8 32951.1 30299.5 1875.4 | 6%
kobs 3.498E-05 | 3.124E-05 | 3.035E-05 | 3.311E-05 | 2.01E-06 | 6%
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Mechanistic Investigations via Alkylative Trapping

N
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Scheme C5. Proposed mechanism of PNA-MeGKSeCM hydrolysis in the presence of
alkylating agent benzyl bromide (BnBr).

Alkylative trapping procedure: In a glovebox, a stock solution (50 mM) of 6 was
prepared in a GC vial in DMSO-d®; an NMR tube was then charged with an aliquot of this stock
solution (0.50 mL), and the tube was septum-capped and tape-sealed before being removed from
the box. Baseline scans were taken on the NMR spectrometer (*H, ’Se), then the tube was
removed and received an injection of BnBr (2.5 equiv.) and then water (25 pL) that had been
basified to pH 10 using NaOH. The tube was shaken and taped over the septum before being
returned to the spectrometer for further scans; this reaction was monitored via the same nuclei

over the next two days to show production of the alkylated selenide products.
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Figure C31. Recorded "’Se NMR spectra of PNA-MeGKSeCM hydrolysis and
alkylation over 48 h.
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APPENDIX D

SUPPLEMENTARY MANUSCRIPT

Appendix D is a supplementary project on H>S donors that was pursued before
the investigations on H2Se donor technology. This work played a part in inspiring my
curiosity about other biologically important chalcogenide species and attracted me to this
body of research. This appendix includes previously published and co-authored material
from Cerda, M.M.; Newton, T.D.; Bolton, Zhao, Y.; Collins, B.K.; Hendon, C.H; Pluth,
M.D. Dithioesters: simple, tunable, cysteine-selective H2S donors. Chem. Sci. 2019, 10,
1773-1779. This manuscript was written by Dr. Matthew M. Cerda with editorial
assistance from Professor Michael D. Pluth. The project in this chapter was conceived of
by Dr. Matthew M. Cerda, Dr. Yu Zhao, and Professor Michael D. Pluth. The
experimental work was performed by Dr. Matthew M. Cerda and Turner D. Newton.
Computational work was performed by Brylee K. Collins and Dr. Christopher H.
Hendon.

Introduction

Prevalent in the field of polymer chemistry, dithioesters are utilized as chain
transfer agents in reversible addition-fragmentation chain transfer (RAFT)
polymerizations.!® Arising from the ability to readily react with propagating radical
monomers, the design of thiocarbonyl-containing motifs such as dithioesters,
trithiocarbonates, and dithiocarbamates has been well studied to enhance the RAFT
polymerization of various monomers.1%-1%2 We recently demonstrated that related
thionoesters, which are structural isomers of thioesters bearing a thiocarbonyl motif,
undergo a chemoselective reaction with cysteine to generate a dihydrothiazole and
hydrogen sulfide (H2S).1% Despite recent advancements in the synthesis of
thionoesters, % the ability to prepare a diverse library of thionoester-based HzS donors is
limited by the availability of stable, readily-accessible starting materials. However, based
on structural similarities between thionoesters and dithioesters, we hypothesized that

dithioesters could provide similar reactivity in the presence of cysteine and allow for the

97



development of tunable H2S donors with precise control over HS release rates and
efficiencies.

Complementing carbon monoxide and nitric oxide, hydrogen sulfide (H2S) is now
classified as an important biological signaling molecule.'®® Commonly referred to as
gasotransmitters, these small, gaseous molecules are produced endogenously, readily
permeate cell membranes, and exert physiological responses upon binding to cellular
and/or molecular targets.'® The involvement of H,S-mediated signaling has been
observed in a variety of physiological processes such as vasodilation,'%’ angiogenesis,%®
and scavenging of reactive oxygen species.'% In recent years, researchers have become
increasingly interested in utilizing H2S donors for the development of both important
research tools and novel therapeutics.!%1!! Towards this goal, researchers have relied
heavily on the use of sodium hydrosulfide (NaSH), which is a water-soluble source of
H>S, for preliminary studies. However, a comparison between H,S production from
native enzymes including cystathionine-p-synthase and cystathionine-y-lyase against
exogenous administration of H»S (via NaSH) has revealed stark differences which should
be taken into consideration.'!? The dissolution of NaSH in buffered solutions leads to a
rapid, almost spontaneous increase in local H,S concentration,'*® whereas endogenous
H>S production occurs at a slower, yet gradual rate. To address this issue, researchers
have developed synthetic H>S donors, which release H»S either passively via hydrolysis
or in the presence of a specific analyte at rates comparable to enzymatic H>S production
(Figure D1).114-117

Figure D1. Selected examples of synthetic H.S donors.
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Drawing parallels to the dissolution of NaSH, small molecules derived from
dithiole-3-thione!*® and phosphorodithioate!'®*2° motifs respectively have been
synthesized as hydrolysis-activated H>S donors, although we note the overall low H,S-
releasing efficiencies from these donors. Towards improving releasing yields and tuning
rates of H,S release, analyte-responsive small molecules have been prepared to release

HS as a function of pH,*?! in the presence of native enzymes,*??

and upon irradiation
with light.1212 [nitially reported by our group,'? the conversion of carbonyl sulfide
(COS) to HzS by carbonic anhydrase has been used to access a library of COS/H2S
donors.*2"12 Inspired by the endogenous production of H2S via enzymatic conversion of
cysteine, a number of thiol-triggered H.S donors have been reported. Abundant in nature,
organic polysulfidest3® have been shown to release HzS in the presence of biological
thiols including cysteine®! and reduced glutathione (GSH).**? The generation of
persulfides, an important class of biologically-relevant reactive sulfur species,'* via
thiol-mediated reduction has been used to prepare a series of synthetic H2S donors with
potent protective effects against myocardial-ischemia reperfusion injury.?* Similarly, the
generation of N-mercaptan species in the presence of thiols has been demonstrated as a
viable platform for H2S delivery with tunable releasing kinetics.3413 Under
physiological conditions, thionoesters react rapidly with cysteine via a native chemical
ligation-like mechanism to afford an equivalent of phenol, H.S, and a cysteine-derived
dihydrothiazole (Figure D2a). Although dithioesters have been used to prepare
polymeric HzS donors,*"1* direct use of this motif as an H2S donor scaffold has not
been reported. Herein, we present our findings on the development of dithioesters as
novel, cysteine-triggered H.S donors (Figure D2b). We demonstrate the release of H.S in
the presence of cysteine from a representative (bis)phenyl dithioester with a
comprehensive kinetic analysis. Additionally, we demonstrate the ability to tune the rate

of HaS release from dithioesters via simple alkyl functionalization.
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Figure D2. a) Mechanism of cysteine-triggered H>S release from thionoesters. b)
Cysteine-triggered H>S release from dithioesters.

Results and Discussion

Building upon our previous work, we hypothesized that the intermediate dithioester
formed during the chemoselective reaction of cysteine with thionoesters could provide a
platform for future investigations leading to the development of novel, cysteine-triggered
H>S donors. Unfortunately, the functionalization of thionoester-based H.S donors is
hindered by a limited number of stable, isolable alkyl chlorothionoformates. By contrast,
the enhanced reactivity of Lawesson’s reagent toward thioesters over esters allows for
convenient functionalization and synthetic accessibility of various dithioesters.®*® To
prepare different dithioesters, we treated the desired thiol with the desired acid chloride in
the presence of triethylamine followed by thionation with Lawesson’s reagent to access
to a library of dithioesters with good to excellent yields (Scheme D1). The modularity of
this synthetic route readily allows for the introduction of various functional groups and
can be expanded upon to include payloads of interest including fluorophores and known
therapeutics for the development of HS-releasing prodrugs. In the interest of accessing
tunable H.S donors, we hypothesized modulation of thiocarbonyl electrophilicity and
thiolate leaving group ability would directly alter the rates of cysteine-triggered HzS

release from dithioesters.
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Scheme D1. General synthesis of dithioesters.

With synthesized dithioesters in hand, we began our studies by examining the
reactivity of PDTE (25 uM) as a representative dithioester towards various
concentrations of cysteine (250, 500, 1000, and 1250 uM) and monitoring the release of
H>S via the spectrophotometric methylene blue assay, which allows for H2S
quantification (Figure D3a).14° Consistent with our hypothesis, we observed increasing
amounts of H»S released with increasing cysteine concentrations from PDTE. To
quantify the Ho.S-releasing efficiency, we used a methylene blue calibration curve
generated with NaSH (see Supporting Information) and we found 25 uM PDTE released
approximately 17 uM H>S after 1 h, which corresponds to a releasing efficiency of ~68%.
Under identical conditions, we note a slight decrease in H,S-releasing efficiency between
dithioesters and thionoesters (80%), although both of these constructs are efficient HoS-
releasing motifs. To quantify the rate of H.S release, we were able to fit these releasing
curves and obtain pseudo-first order rate constants (Kons). A plot of log[Cys] versus log(k-
obs) provided a linear plot with slope near one, which suggests the overall reaction is first
order in cysteine and proceeds via a mechanism similar to the reaction of thionoesters
with cysteine (Figure D3Db). A plot of [Cys] versus Kobs Yielded a second-order rate
constant (k2) of 1.8 + 0.1 M s (Figure D3c), which is approximately five times slower
relative to cysteine-triggered H2S from thionoesters (9.1 + 0.3 Mt s1). This difference in
H>S-releasing kinetics prompted us to further investigate the kinetics of cysteine-
triggered H.S release from dithioesters and elucidate potential mechanistic differences

between both classes of H»S donors.
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Figure D3. (a) Release of H.S from PDTE (25 uM) in the presence of increasing
cysteine concentrations (250, 500, 1000, and 1250 puM). (b) Plot of log(kobs) Vs.
log([Cys]). (c) Plot of kops vs. [Cys].

To further probe the reactivity of dithioesters with respect to H>S release, we next
investigated the effect of cysteine derivatives and related thiol-based nucleophiles on HzS
release from PDTE (Figure D4). In the absence of nucleophiles, we did not observe H2S
release under hydrolytic conditions. Although the conversion of a thiocarbonyl to the
corresponding carbonyl is thermodynamically favorable with an enthalpic gain of ~43
kcal/mol when comparing C=S versus C=0 bond strengths, the hydrolysis of dithioesters
is a slow process and can be considered neglible when considering the rate of cysteine-
triggered H,S release.**1%2 Further supporting a similar mechanism of cysteine-triggered
H>S release between thionoesters and dithioesters, masking of either the thiol or amine
moieties in cysteine completely abolished H>S release from PDTE. Additionally, the use
of cysteine methyl ester did not affect H.S release when compared to H»S release in the
presence of cysteine. To assess the effect of cysteine analogues on H»S release, we
measured HS release in the presence of homocysteine and penicillamine. Interestingly,
we observed a significant reduction in the H.S release rate in the presence of
homocysteine relative to cysteine-triggered HS release. In the presence of penicillamine,
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we failed to observe significant H»S release, which we attribute to a reduction in

nucleophilicity due to the presence of geminal methyl groups

S
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Figure D4. Selectivity of H,S release from PDTE in the presence of different analytes.
Data were acquired at 1, 5, 10, 15, 30, 45, and 60 min. Methylene blue absorbance values
are relative to the maximum absorbance value obtained from H;S release in the presence
of cysteine (1). Analytes: H>O (2), N-acetyl-L-cysteine (3), S-methyl-L-cysteine (4), L-
cysteine methyl ester hydrochloride (5), N-acetyl-L-cysteine methyl ester (6), DL-
homocysteine (7), DL-penicillamine (8), GSH (9), cysteine + 1 mM GSH (10).

We next examined the release of H.S from PDTE in the presence of reduced
glutathione (GSH), the most abundant biological thiol to determine the effect of
competitive thiols on H.S release. In the presence of 500 uM GSH, we did not observe
significant HS release, but also could not rule out that transthioesterification by GSH,
which would result in consumption of the dithioester moiety with a lack of HzS release.
Considering the nucleophilicity of the departing thiophenol, we hypothesized that the
reversibility of transthioesterification is likely to be more efficient for dithioesters than
for thionoesters, which should result in enhanced selectivity for cysteine over GSH. To
test this hypothesis, we measured H»S release from PDTE in the presence of 500 uM
cysteine and 1 mM GSH. In support of the expected enhanced reversibility, we observed
minimal change on the cysteine-triggered HS release from PDTE even in the presence
of excess GSH. This presents a considerable advancement over the thionoester scaffold,
which yielded a decreased level of HoS-releasing efficiency in the presence of GSH and

cysteine. Taken together, these results demonstrate the selectivity of the dithioester
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scaffold for cysteine over other thiol-based nucleophiles including GSH and we proposed

the following mechanism of H,S release (Scheme D2).

S
(+Cys) _(-PhsH)
_ HS s
)kSPh X o OzH Ph)ks“(co2
(-Cys) Ph” 'sPh 1 (+F’hSH) 2 NH
DPTE H 2
COH COH
N‘ + H,S <-—— HN
)\S HS7[\
Ph
4 PH 3

Scheme D2. Proposed mechanism of release of H»S from PDTE in the presence of
cysteine

Initial nucleophilic attack by cysteine on PDTE generates tetrahedral intermediate
1, which collapses upon thiocarbonyl formation and extrusion of thiophenol to yield
intermediate 2. Nucleophilic attack by the pendant amine generates intermediate 3, which
extrudes H2S upon formation of dihydrothiazole 4. Based on the neglible loss in HaS-
releasing efficiency in the presence of excess GSH, the generation of 1 and 2 is likely
highly reversible and could provide enhanced selectivity of the dithioester moiety for
cysteine. In the mechanism of cysteine-triggered release of H»S from thionoesters, the
poor nucleophilicity of the departing alcohol likely impedes formation of the initial
thionoester. In our proposed mechanism of H.S release from dithioesters, the departing
thiolate bears enhanced nucleophilicity and likely reacts with the intermediate dithioester
to regenerate the initial dithioester effectively reversing cysteine addition. Additionally,
the enhanced reversibility of transdithioesterifcation supports the considerably slower
kinetics between dithioesters and thionoesters. Taken together, we hypothesized this
enhanced reversibility would result in the initial nucleophilic attack by cysteine being the
rate-determining step of cysteine-triggered H>S release from dithioesters.

To confirm the formation of a cysteine-based dihydrothiazole, PDTE (100 uM)
was treated with L-cysteine methyl ester (2 mM, 20 equiv.) and a reaction aliquot after 1
h was subjected to HPLC analysis (see Supporting Information). In agreement with our
proposed mechanism, the HPLC analysis revealed the formation of the expected
dihydrothiazole in ~61% yield, which is consistent with the H>S-releasing efficiency of
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PDTE as measured via the methylene blue assay. To gain insights on the rate-
determining step, we measured the effect of temperature on the rate of H,S release from
PDTE (25 uM) in the presence of cysteine (500 uM, 20 equiv.) (Figure D5). If
nucleophilic attack by cysteine on PDTE is the rate-determining step of the reaction, we
would expect to observe an entropy of activation AS*) of approximately -20 eu, which

would be characteristic of a bimolecular reaction.143-144

~_ _CO,H
HS#F s~ 2
s NH,
| y
(500 uM, 20 equiv.)
Ph~ ~SPh H,S
25 UM 10 mM PBS (pH 7.4), 25-40 °C
PDTE
(a) (b) .
0.30] *25°C ~+30°C 4-35°C v 40°C = In(kT) = -7242.3(1/T) + 12.0
2] * R? = 0.9997
0.25 A —+—— 11.41 AH*=14.4 £ 0.1 keal mol
- ¥ 2 ., s . ASt=-23+1eu
éo.zo S o1s
2 Lo = =118
20.15- iAo E-1
or0) Y4 120}
W& -12.24
-, ]
005143/
/ -12.44
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Figure D5. (a) Effect of temperature on rate of HaS release from PDTE (25 uM) in the
presence of cysteine (500 uM, 20 equiv). (b) Eyring analysis of cysteine-triggered H>S
release from PDTE.

Upon measuring the rates of H>S release at different temperatures, we constructed
an Eyring plot using the obtained kops values, which afforded AS* =-23 + 1 eu. The
observed AS* supports our mechanistic hypothesis and is consistent with the initial
addition of cysteine to the dithioester to generate 1 being the rate-determining step of
cysteine-triggered H»S release from dithioesters. In the reaction of thionoesters with
cysteine, we interpreted an experimentally-determined AS* = -38 + 3 eu to suggest the
intramolecular cyclization as the rate determining step. In comparison between both
mechanisms, by simply altering the nucleophilicity of the leaving group (i.e. alcohol vs.
thiol) we have shunted the rate-determining step. Additionally, our results suggest
cysteine-triggered H»S release from dithioesters and native chemical ligation share a
similar rate-determining step.

To complement our experimental results, we used density functional theory

(DFT) to examine the potential energy surface for H»S release from dithioesters. Because
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PDTE was used for our experimental mechanistic investigations, we chose to investigate
the reaction of PDTE with cysteine thiolate using Gaussian 09 at the B3LYP/6-
311++G(d,p) level of theory applying the IEF-PCM water solvation model. We found
that the initial nucleophilic attack by cysteine thiolate on PDTE resulted in an activation
barrier of 19.1 kcal/mol, which was the highest barrier on the reaction coordinate and
qualitatively agrees with the experimentally-observed AH* of 14.4 kcal/mol. The
resultant transthioesterified cysteine adduct is 3.7 kcal/mol more stable than the PDTE
starting material, and subsequently undergoes an intramolecular S to N thioacyl transfer
reaction with an associated barrier of 8.9 kcal/mol, resulting in the final and more

thermodynamically-favorable dihydrothiazole product.
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Figure D6. Potential energy surface for the attack of cysteine thiolate on PDTE.
Calculations were performed in Gaussian 09 at the B3LYP/6-311++G(d,p) level of
theory applying the IEF-PCM water solvation model.

Relative energy (kcal/mol)
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The ease of synthesis of dithioester compounds also enabled further investigation
into the effect of alkyl functionalization on H»S release. We hypothesized that the
electrophilicity at the thiocarbonyl position could be modified directly by introducing

various alkyl, and thus alter the rate of H>S release. Additionally, we hypothesized that
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modification of the departing thiolate nucleophilicity would also alter the rate of HzS
release from dithioesters. We anticipated the introduction of inductively donating alkyl
groups, such as methyl and isopropyl, would decrease the thiocarbonyl electrophilicity
and resulting in decreased rates of H>S release. Additionally, we anticipated that
replacement of thiophenol with benzyl mercaptan would result in decreased rates of HzS
release due to the enhanced nucleophilicity of benzyl mercaptan over thiophenol. To test
our hypotheses, we measured H»S release from our library of alkyl functionalized
dithioesters (25 uM) in the presence of cysteine (500 uM, 20 equiv.) (Figure D7).

CO,H
HS
/\’\m-|2
Dithioester (500 uM, 20 equiv.)
25 uM HoS
b 10 mM PBS (pH 7.4), 25 °C
0.40
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Figure D7. Effect of alkyl functionalization on the rate of HS release from dithioesters.

Contrary to our initial hypothesis, the incorporation of inductively-donating alkyl
groups led to enhanced rates of H.S release relative to PDTE. To better understand the
apparent releasing trends, we considered the stability of the charge-separated
thiocarbonyl motif and the effect of different alkyl groups (Figure D8). In the case of
PDTE, a charge-separated thiocarbonyl yields a benzylic carbocation which can readily
delocalize via resonance effectively altering the electrophilicity of the thiocarbonyl via
delocalization of the carbocation. In the presence of inductively donating groups such as

methyl and isopropyl in MPDTE and iPPDTE respectively, the resulting carbocation is
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localized to the thiocarbonyl position, which would result in enhanced rates of HzS
release in comparison to PDTE. Incorporation of an isopropyl group in iPPDTE,
however, also introduces the potential for an intermediate 1,2-methyl shift which would
partially delocalize the carbocation and hinder H»S release relative to MPDTE.
Considering these contributions, we interpret the enhanced release of H2S from alkyl-
functionalized dithioesters as a reflection of altered thiocarbonyl electrophilicity via
carbocation delocalization. Although this outcome was contrary to our initial hypothesis,
these findings demonstrate the ability to tune the rate of H>S release from dithioesters by

simple alkyl substitutions.

(a) © s© s©
Asr ﬁ)@\SR ©)®\SR

Increasing carbocation stability
Decreasing thiocarbonyl electrophilicity

(b)

S S S S S
|
Ph)J\SBn : iPr)J\SBn Me)J\SBn Ph)kSPh iPr)]\SPh Me)J\SPh

PBDTE : iPBDTE MBDTE PDTE iPPDTE  MPDTE

\4

Increasing rate of H,S Release

Figure D8. a) Effect of pendant groups on thiocarbonyl electrophilicity and carbocation
stability. b) Scale of increasing H»S releasing rates for reported dithioesters.

Furthering our studies, we also examined the effect of benzyl mercaptan as a
leaving group on H>S release from MBDTE, PBDTE, and iPBDTE respectively. In
comparison to thiophenol, benzyl mercaptan is a considerably better nucleophile and
likely perturbs the equilibrium of transthioesterification to disfavor the addition of
cysteine. In concert with the effect of alkyl groups on thiocarbonyl electrophilicity, we
anticipated H»S release from dithioesters bearing benzyl mercaptan to be dramatically
altered relatively to their thiophenol analogue. In agreement with our hypothesis, H2S
release was observed exclusively from MBDTE. Considering the lack of carbocation
delocalization by the pendant methyl group, this result suggests the thiocarbonyl moiety
in MBDTE is sufficiently electrophilic to promote H>S release in the presence of
cysteine. Alternatively, we observed effectively no H>S release from PBDTE and
relatively slow H.S release from iPBDTE. Considering the effect of alkyl groups on

108



thiocarbonyl electrophilicity via carbocation delocalization in concert with the enhanced
nucleophilicity of benzyl mercaptan, a significantly hindered rate of release from
IPBDTE and complete shutdown of H>S release from PBDTE is also in agreement with
our hypothesis. Overall, we found the use of benzyl mercaptan decreased overall H,S-
releasing efficiency and yielded hindered rates of release in comparison to thiophenol-
based dithioesters. Taken together, these findings demonstrate the rate of H.S release
from dithioesters can be enhanced or decreased as a function of alkyl substitution. In the
future, this can be used to provide dithioesters with predictable rates of H>S release for

use in cellulo or in vivo.

Conclusions

Advancing our previous work on synthetic H>S donors via the chemoselective
condensation of thionoesters and cysteine, we have identified that dithioesters are a
viable and tunable platform for developing cysteine-triggered H>S donors. Using PDTE
as a representative dithioester, we have demonstrated H»S release in the presence of
cysteine proceeds with good efficiency, and that dithioesters provide significant
advancements over thionoesters, including ease of functionalization and enhanced
selectivity for cysteine over other thiol-based nucleophiles including GSH. Mechanistic
investigations, including rate-order analysis and activation parameters support a
mechanism in which the initial nucleophilic attack by cysteine on the dithioesters is the
rate-determining step of the reaction, which is also supported by computation.
Furthermore, we demonstrated that the rate of H,S release from a small library of
dithioesters can be controlled by alkyl substitution. The findings presented herein provide
several advancements over thionoesters as cysteine-triggered H>S donors and provides a
foundation for further development of dithioesters for expanding upon the chemical

biology of H>S.
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Supporting Information

Materials and Methods.

Reagents were purchased from Tokyo Chemical Industry and/or Oakwood Chemicals and
used directly as received. Deuterated solvents were purchased from Cambridge Isotope
Laboratories and used as received. *H and **C{*H} NMR were recorded on Bruker 500 and
600 MHz instruments. Chemical shifts are reported relative to residual protic solvent
resonances. Silica gel (SiliaFlash F60, Silicycle, 230-400 mesh) was used for column
chromatography. All air-free manipulations were performed under an inert atmosphere
using standard Schlenk technique or an Innovative Atmospheres N2-filled glove box. UV-
Vis spectra were acquired on an Agilent Cary 60 UV-Vis spectrophotometer equipped with
a Quantum Northwest TC-1 temperature controller at 25 °C + 0.05 °C.

Synthesis
General Procedure for the Synthesis of Thioesters

o) EtgN 0

)J\ + RI_SH > )k /RI

R™>Cl CH,Cl,, 0°C RS

Thiol (1.1 equiv.) and triethylamine (1.1 equiv.) were added to anhydrous CH2Cl> (20 mL)
and cooled to 0 °C. Once cooled, acid chloride (1.0 equiv.) was added dropwise and the
reaction was stirred at 0 °C for 1 h. Reaction was quenched with deionized H20 (30 mL)
and organic layer was separated. Aqueous layer was extracted with CH2Cl2 (2 x 20 mL).
Collected organic extractions were washed with brine (1 x 20 mL), dried over MgSQOs, and
concentrated under reduced pressured. Desired product was obtained via column
chromatography.

2
©)J\S
S-phenyl benzothioate
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White powder, 852 mg (96%0)

25% DCM in Hexanes, Rf = 0.23

'H NMR (600 MHz, CDCls) & 8.04 (d, 2H), 7.61 (t, 1H), 7.55 — 7.44 (m, 7H).
BC{'H} NMR (151 MHz, CDCls) § 190.14, 136.63, 135.09, 133.65, 129.52, 129.24,
128.74, 127.48, 127.34.

0 @
s
S-phenyl ethanethioate
Clear oil, 538 mg (86%0)
50% CH2Cl. in Hexanes, R = 0.42

IH NMR (500 MHz, CDCls) 6 7.42 (s, 5H), 2.43 (s, 3H).
3C{'H} NMR (151 MHz, CDCls) § 194.06, 134.44, 129.43, 129.19, 127.91, 30.19.

0 /@
Y
S-phenyl 2-methylpropanethioate
Clear oil, 492 mg (66%0)
50% CH2Cl. in Hexanes, Rt = 0.56
'H NMR (500 MHz, CDCls) & 7.41 (s, SH), 2.87 (hept, ] = 6.9, 1.9 Hz, 1H), 1.27 (d, ] =
7.0, 1.8 Hz, 6H).
13C NMR (126 MHz, CDCl3) § 201.85, 134.56, 129.17, 129.09, 127.87, 42.99, 19.37.

0]

SRAS

S-benzyl benzothioate
Clear oil, 779 mg (93%)
33% CHCl; in Hexanes, Rf = 0.40
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'H NMR (500 MHz, CDCl3) 8 7.98 (d, ] = 7.6 Hz, 2H), 7.57 (t, ] = 7.4 Hz, 1H), 7.45 (t, J
= 8.0 Hz, 2H), 7.39 (d, J = 8.1 Hz, 2H), 7.33 (t, J = 7.5 Hz, 2H), 7.29 — 7.24 (m, 1H), 4.33
(s, 2H).

13C NMR (126 MHz, CDCl3) § 191.27, 137.45, 136.78, 133.42, 128.96, 128.61, 127.31,

127.28, 33.32.
o

Sas

S-benzyl ethanethioate

Clear oil, 405 mg (67%)

25% CH2Cl. in Hexanes, Rt = 0.24

'H NMR (600 MHz, CDCl3) & 7.31 — 7.27 (m, 4H), 7.27 — 7.23 (m, 1H), 4.13 (s, 2H),
2.35 (s, 3H).

13C NMR (151 MHz, CDCls3) § 195.09, 137.56, 128.77, 128.60, 127.24, 33.42, 30.29.

O
T
S-benzyl 2-methylpropanethioate
Clear oil, 577 mg (66%0)
33% CH2Cl. in Hexanes, Rf = 0.48
'H NMR (600 MHz, CDCls) & 7.31 — 7.28 (m, 4H), 7.25 — 7.22 (m, 1H), 4.11 (s, 2H),
2.76 (hept, J = 6.9 Hz, 1H), 1.21 (d, J = 6.9 Hz, 6H).
13C NMR (151 MHz, CDCls) § 203.44, 137.73, 128.79, 128.59, 127.17, 42.88, 32.89,
19.35.
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Figure D9. 'H NMR (600 MHz, CDCls) spectrum of S-phenyl benzothioate
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Figure D10. *C{*H} NMR (151 MHz, CDCls) spectrum of S-phenyl benzothioate
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Figure D11. *H NMR (500 MHz, CDClIs) spectrum of S-phenyl ethanethioate
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Figure D12. *C{*H} NMR (151 MHz, CDCls) spectrum of S-phenyl ethanethioate
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Figure D13. *H NMR (500 MHz, CDCls) spectrum of S-phenyl 2-methylpropanethioate
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Figure D14. ¥C{*H} NMR (126 MHz, CDCls) spectrum of S-phenyl 2-
methylpropanethioate
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Figure D15. *H NMR (500 MHz, CDCIs) spectrum of S-benzyl benzothioate
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Figure D16. *C{*H} NMR (126 MHz, CDCls) spectrum of S-benzyl benzothioate
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Figure D17. *H NMR (600 MHz, CDClIs) spectrum of S-benzyl ethanethioate
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Figure D18. *C{*H} NMR (151 MHz, CDCls) spectrum of S-benzyl ethanethioate
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Figure D19. *H NMR (600 MHz, CDCls) spectrum of S-benzyl 2-methylpropanethioate
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Figure D20. *C{*H} NMR (151 MHz, CDCls) spectrum of S-benzyl 2-
methylpropanethioate

General Procedure for the Synthesis of Dithioesters

0] Lawesson's Reagent S
>

J_r . m

R S Toluene, A R S

Added thioester (1.0 equiv.) and Lawesson’s Reagent (0.75 equiv.) to anhydrous toluene
(20 mL) and heated to 120 °C under reflux. After 5.5 h, cooled reaction mixture to room
temperature and filtered. Concentrated filtrate under reduced pressure and isolated

desired product via column chromatography.

S @
o
Phenyl benzodithioate (PDTE)
Red-violet solid, 217 mg (81%o)
20% CH2Cl. in Hexanes, R = 0.42
'H NMR (600 MHz, CDCls) 6 8.10 (d, J = 7.1 Hz, 1H), 7.57 (t, 1H), 7.54 — 7.47 (m, 6H),
7.45 — 7.40 (m, 2H).
13C NMR (151 MHz, CDCls) § 228.49, 144.59, 135.38, 132.60, 131.38, 130.36, 129.66,
128.40, 126.99.

S @
Ass
Phenyl ethanedithioate (MPDTE)
Burnt orange oil, 185 mg (67%)
20% CHCl; in Hexanes, Rf = 0.40

IH NMR (500 MHz, CDCls) & 7.52 — 7.46 (m, 3H), 7.45 — 7.40 (m, 2H), 2.87 (s, 3H).
13C NMR (151 MHz, CDCls) & 234.30, 134.74, 131.77, 130.36, 129.60, 38.95.
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Phenyl 2-methylpropanedithioate (iPPDTE)
Yellow oil, 129 mg (59%)
25% CH2Cl> in Hexanes, R = 0.58
'H NMR (600 MHz, CDCls) & 7.50 — 7.47 (m, 3H), 7.42 — 7.39 (m, 2H), 3.54 (hept, J =
6.7 Hz, 1H), 1.38 (d, J = 6.6 Hz, 6H).
13C NMR (151 MHz, CDCls3) § 246.77, 134.97, 130.83, 130.18, 129.51, 48.70, 24.24.

S
SRS
Benzyl benzodithioate (PBDTE)
Red oil, 243 mg (91%)
20% CHCl; in Hexanes, Rf= 0.41
'H NMR (500 MHz, CDCl3) & 8.00 (d, J = 7.7 Hz, 2H), 7.53 (t, = 7.5 Hz, 1H), 7.42 —
7.27 (m, 8H), 4.61 (s, 2H).
BBC{'H} NMR (126 MHz, CDCl3) § 227.69, 144.75, 134.97, 132.40, 129.29, 128.72,
128.34, 127.75, 126.90, 42.28.

S

0

Benzyl ethanedithioate (MBDTE)

Yellow-brown oil, 181 mg, (82%o)

25% CHCl; in Hexanes, Rf = 0.54

!H NMR (600 MHz, CDCl3) & 7.34 — 7.26 (m, 5H), 4.46 (s, 2H), 2.85 (s, 3H).
13C{*H} NMR (151 MHz, CDCls) § 232.29, 135.13, 129.09, 128.67, 127.66, 41.98,
38.85.

120



S

T

Benzyl 2-methylpropanedithioate (iPBDTE)

Orange-brown oil, 164 mg (76%0)

25% CH2Cl> in Hexanes, R = 0.58

'H NMR (600 MHz, CDCls) & 7.34 — 7.26 (m, 5H), 4.45 (s, 2H), 3.42 (hept, J = 6.7 Hz,
1H), 1.34 (d, J = 6.7 Hz, 7H).

BC{'H} NMR (151 MHz, CDCls3) § 245.91, 135.22, 129.13, 128.67, 127.58, 49.35,
40.52, 24.19.

C (m)
7.51
A(d) |B (b)
8.10| | 7.57

D (m)

|

8.28.18.07.97.87.77.67.57.47.37.2
Chemical Shift (ppm)

1207 b

o3
2,438

1.2
5.6

5 4
Chemical Shift (ppm)

Figure D21. *H NMR (600 MHz, CDCls) spectrum of PDTE
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Figure D22. *C{*H} NMR (151 MHz, CDCls) spectrum of PDTE
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Figure D23. *H NMR (500 MHz, CDCIs) spectrum of MPDTE
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Figure D24. *C{*H} NMR (151 MHz, CDCls) spectrum of MPDTE
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Figure D25. 'H NMR (600 MHz, CDCls) spectrum of iPPDTE
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Figure D26. *C{*H} NMR (151 MHz, CDCls) spectrum of iPPDTE
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Figure D27. 'H NMR (500 MHz, CDClIs) spectrum of PBDTE
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Figure D28. *C{*H} NMR (126 MHz, CDCls) spectrum of PBDTE
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Figure D29. *H NMR (600 MHz, CDCls) spectrum of MBDTE
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Figure D31. *H NMR (600 MHz, CDClIs) spectrum of iPBDTE
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Figure D32. *C{*H} NMR (151 MHz, CDCls) spectrum of iPBDTE

H2S Detection Materials and Methods Phosphate buffered saline (PBS) tablets (1X,
CalBioChem) were used to prepare buffered solutions (140 mM NaCl, 3 mM KClI, 10
mM phosphate, pH 7.4) in deionized water. Buffer solutions were sparged with N2 to
remove dissolved oxygen and stored in an N2-filled glovebox. Donor stock solutions (in
DMSO) were prepared inside an N2-filled glovebox and stored at -25 °C until
immediately before use. Trigger stock solutions (in PBS) were freshly prepared in an N2-

filled glovebox immediately before use.

General Procedure for Measuring H2S Release via Methylene Blue Assay (MBA).
Scintillation vials containing 20 mL of PBS were prepared in an N2-filled glovebox. To
these solutions, 20 pL of 500 mM analyte stock solution (in PBS) was added for a final
concentration of 500 uM. While stirring, the solutions were allowed to thermally
equilibrate in heating block at the desired temperature for approximately 20-30 min.
Immediately prior to donor addition, 0.5 mL solutions of methylene blue cocktail were

prepared in disposable 1.5 mL cuvettes. The methylene blue cocktail solution contains:
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200 pL of 30 mM FeCl3 in 1.2 M HCI, 200 pL of 20 mM N,N-dimethyl-p-phenylene
diamine in 7.2 M HCI, and 100 uL of 1% (w/v) Zn(OAc)2. To begin an experiment, 20
uL of 25 mM donor stock solution (in DMSO) was added for a final concentration of 25
uM. At set time points after the addition of donor, 500 uL reaction aliquots were added to
the methylene blue cocktail solutions and incubated for 1 h at room temperature shielded
from light. Absorbance values at 670 nm were measured 1 h after addition of reaction

aliquot. Each experiment was performed in quadruplicate unless stated otherwise.

MBA Calibration Curve. Solutions containing 0.5 mL of the methylene blue cocktail
and 0.5 mL PBS containing 500 uM cysteine were freshly prepared in disposable
cuvettes (1.5 mL). Under inert conditions, a 10 mM stock solution of NaSH (Strem
Chemicals) in PBS was prepared and diluted to 1 mM. Immediately after dilution, 1 mM
NaSH was added to 1.0 mL solutions for final concentrations of 10, 20, 30, 40, and 50
uM. Solutions were mixed thoroughly, incubated at room temperature for 1 h, and

shielded from light. Absorbance values at 670 nm were measured after 1 h.
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Figure D33. MBA calibration curve generated using known concentrations of NaSH.

Reaction Product Analysis via HPLC
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CO,Me
I CO,Me

L i
s (2 mM, 20 equiv.) {
> + HS + S
10% THF in 10 mM PBS (pH 7.4), 25 °C HS

PDTE
25uM CysDHT

To a 20 mL solution of 10% THF in PBS (10 mM, pH 7.4) containing 2 mM L-cysteine
methyl ester (20 equiv.), 20 mL of 100 mM PDTE in THF was added for 100 mM PDTE
and stirred at room temperature. After 1 h, a 1 mL reaction aliquot was analyzed by
HPLC. HPLC analysis was performed on an Agilent 1260 HPLC instrument with a
Poroshell 120 EC-C18 4.6x100 mm column and monitored at 280 nm. Solvent A: 95%
H>0, 5% MeOH, Solvent B: 100% MeCN. Gradient: 35% Solvent A/65% Solvent B for
2 min. Change to 100% Solvent B over 4 min and hold for 6.5 min. Change to 35%
Solvent A/65% Solvent B over 0.5 min and hold for 4.5 min. Flow Rate: 0.5 mL/min, 2
CJL injection. The concentration of CysDHT present at the end of the reaction was

determined by measurement against calibration curves for each compound.
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Figure D34. HPLC Calibration Curve of CysDHT
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