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Abstract

Once considered potential liabilities, the modern era witnesses a renaissance of interest in covalent
inhibitors in drug discovery. The available toolbox of electrophilic warheads is limited with
constraints on tuning reactivity and selectivity. Following our work on a class of ferroptotic agents
termed CETZOLEs, we discovered new tunable heterocyclic electrophiles which are capable of
inducing ferroptosis. Biological evaluation demonstrated that thiazoles with an alkyne electrophile
at the 2-position selectively induce ferroptosis with high potency. Density functional theory
calculations and NMR Kkinetic studies demonstrated the ability of our heterocycles to undergo thiol
addition, an apparent prerequisite for cytotoxicity. Chemoproteomic analysis indicated several
potential targets, the most prominent among them being GPX4 protein. These results were

further validated by western blot analysis and Cellular Thermal Shift Assay. Incorporation of
these heterocycles into appropriate pharmacophores generated highly cytotoxic agents such as the
analog BCP-T.A, with low nM 1Cs values in ferroptosis-sensitive cell lines.
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INTRODUCTION

Covalent inhibitors were considered outcasts by the pharmaceutical industry for a long time.
This was due to an abiding fear stemming from studies performed in 201" century. Drugs
like acetaminophen alarmed the scientific community due to possible induction of liver
toxicity from the generation of metabolites capable of irreversible binding®. This and other
studies? led to the development of the reactive metabolite theory. According to this theory,
several initially “inert” chemicals are converted /n vivo to electrophilic metabolites, which
can harm biological systems by reacting with several endogenous nucleophiles3, a process
commonly referred to as “off-target effects”. This dogma has prevented the development

of covalent inhibitors as drugs. However, several important exceptions show that covalent
inhibition is not a barrier, but an opportunity to develop more selective and potent drugs.
Aspirin, which acts as a covalent inhibitor of cyclooxygenase-1 (COX-1) enzyme is the
most widely used medication in the world, with an estimated 80 billion tablets consumed
annually in the United States alone®. Clopidogrel is a prodrug that is metabolized 7 vivo

to its active form which then acts as a covalent inhibitor of P,Y 1, purinergic receptor®

with application in antiplatelet therapy. Following the discovery of penicillin in 1928,
B-lactam class of antibiotics revolutionized antibiotic treatment, signifying the origin of
modern “antibiotic era”8. These compounds act by inhibiting bacterial DD-transpeptidase by
covalent modification. Currently, about 30% of the marketed drugs are covalent inhibitors’
and recent years have seen a resurgence in the development of covalent inhibitors3. Covalent
inhibition can provide highly potent drugs (low 1Csq values) that produce prolonged
therapeutic effects and can be administered at lower doses and less frequently. This leads

to increased patient compliance and greater therapeutic outcomes. In addition, covalent
inhibition has been associated with attenuated drug resistance®. A major requirement
however, is achieving selectivity, which necessitates complete target identification and
understanding of their mechanism of action.

There are two basic categories of covalent inhibitors. The first includes molecules which
already have reactive electrophilic moieties, while the second category includes prodrugs
requiring /n vivo metabolic activation. The latter has limitations on the types of electrophilic
moieties it can generate and is highly dependent on metabolic enzymes. On the other
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hand, the incorporation of tunable electrophilic warheads into a drug-like pharmacophore

is more versatile and allows the tuning of reactivity of the electrophilic species, useful in
targeted covalent inhibition (TCI). TClI is different from random reactivity of electrophiles
with biological nucleophiles, since in TCI the drug with the reactive electrophile is first
positioned at the appropriate site of the target protein by non-covalent interactions for
subsequent nucleophilic addition. Thus, it is important that the electrophilic warheads should
demonstrate optimum reaction Kinetics; highly reactive electrophiles react in a nonspecific
manner while weak electrophiles might not react with the desired target. In addition,

the reaction must be both electronically and sterically favored. Modern drug discovery

is limited by the availability of electrophilic warheads for incorporation into a drug-like
pharmacophore. Despite many efforts to find optimized electrophiles, simple acrylamides
are still the most frequent choice. They provide easy synthetic accessibility, selectivity

for cysteine over other amino acids, and compatible ADMET (absorption, distribution,
metabolism, excretion and toxicity) properties. A recent review by Gehringer et al. covers
the available toolkit of electrophiles®. As with acrylamides, most of these electrophiles
suffer from lack of available sites for tuning reactivity and selectivity. Analysis of 39 FDA
approved covalent drugs by Singh et al.# revealed that 33% of these drugs are anti-infectives
(most notably the p-lactam class of antibiotics), 15% treat gastrointestinal disorders, and
~15% are used to treat central nervous system and cardiovascular indications. Cancer,
which is still the second leading cause of death globally, accounted for 20%. They include
aromatasel0, thymidylate synthetase!?, ribonucleotide reductase!? and kinase inhibitors
(figure 1A) 13-15, There is the potential for irreversible binders to play even a greater role

in cancer chemotherapy. However, these inhibitors must have a drug-like pharmacophore
that directs the molecule to the active site. This is followed by a nucleophilic cysteine
present in close proximity attacking the electrophilic warhead leading to covalent attachment
of the drug to the target protein. In the case of kinases, this binding event can overcome
competition by the high endogenous concentration of ATP, making irreversible kinase
inhibitors an attractive approach. Recently, McAulay et al.16 reported alkynyl benzoxazines
as novel irreversible kinase inhibitors!3 (figure 1A). Currently, there is a heightened

interest in the search for irreversible inhibitors capable of inducing ferroptosis!’21, an
iron-dependent nonapoptotic cell death mechanism first reported in 2012 by Dixon et al.22,
The hallmark of ferroptosis is accumulation of lipid peroxides, which leads to robust cell
death due to cells failing to maintain a reductive environment. Two prototypical examples of
processes that lead to ferroptotic cell death are inhibition of system-Xc™ and inhibition

of glutathione peroxidase-4 (GPX4). Erastin, the first ferroptotic inducer identified, is
believed to inhibit the Xc™ antiporter, but the exact mechanism remains unknown. Most

of the electrophilic ferroptosis inducers such as RSL320:23, MLL16224:25, ML210%7,
propiolamides?! and diacylfuroxans!® (figure 1B) are reported to inhibit GPX4 enzyme.
GPX4 is responsible for conversion of lipid peroxides to alcohols, a process necessary

for maintaining the reductive homeostasis of cells. Further, research confirmed that these
electrophiles inhibit GPX4 by covalent interaction with a selenocysteine present in the
enzyme active site?4 (figure 1C). Although RSL3 and ML 162 have a chloroacetmide (C.A)
electrophilic warhead, ML210 and diacylfuroxans do not have any obvious electrophilic
warhead capable of covalent inhibition. Excellent work by Schreiber and co-workers
demonstrated that the latter two molecules act as masked nitrile oxides!”18 (figure 1B),
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which being highly electrophilic, covalently inhibit GPX4. Propiolamide (P.A) too can be
included in the toolbox of electrophilic warheads to inhibit GPX4 and induce ferroptosis??.
The active site of GPX4 is exposed (figure 1C) with a relatively flat surface in proximity to
the catalytic selenocysteine residue. These characteristics provide broad substrate scope, but
result in lack of a drug-like binding pocket and high reliance on the selenocysteine residue
for its catalytic activity. Thus, covalent inhibition of GPX4 seems to be the only attractive
choice for the design of inhibitors. Herein, we report novel hetero-aromatic electrophilic
warheads capable of undergoing thiol addition, and inducing ferroptosis. Following up
on our efforts to develop open chain epothilones (figure 1D)28, we discovered a new class of
compounds capable of inducing ferroptosis, which we termed CETZOLEs27-28(figure 1D).
Our subsequent studies showed that elimination of the cyclopentene ring did not have a
significant effect on the cytotoxicity, identifying 2-alkynylthiazole moiety as the effective
warhead. Although similar fragments have been reported to undergo thiol addition?%-31, to
our knowledge their ferroptosis-induction potential has not been reported. We used this
moiety to rationally design a fragment library of heterocyclic electrophiles capable of
inducing ferroptosis in a more selective manner. DFT analysis and NMR kinetic studies
confirmed the electrophilicity of these warheads. Additionally, we designed and synthesized
probes incorporating these fragments to perform cysteine labeling in cells. Proteomic
analysis of pulldown experiments demonstrated enrichment of several proteins which are
required for maintaining a reduced intracellular environment. Of these, GPX4 was notable,
given its prominent role in detoxifying lipid peroxides. Our results expand the toolbox of
electrophilic warheads available for covalent inhibition. These new warheads are capable

of inducing ferroptosis and, when incorporated into appropriate pharmacophores, generate
cytotoxic molecules with low nM potency. We expect these fragments to find a wider use

in TCI or as part of hybrid molecule designs. In addition, they will be useful as tools in
chemical biology applications.

RESULTS AND DISCUSSION

Design and Synthesis

We used compound (5) as the scaffold to design CETZOLE analogs in which the
cyclopentene ring was replaced by an aromatic ring through simple peptide coupling as
part of a general SAR investigation (scheme 1). The electronic properties were investigated
by the positioning of EWG and EDG at para-position of the phenyl ring, as well as by
extending conjugation between the thiazole ring and the phenyl ring. Sonogashira coupling
of compound (5) with trimethylsilyl acetylene followed by hydrolysis provided compound
(6) in moderate yields. Amide coupling under Steglich conditions provided analogs (8-
10). NaBH4 reduction followed by Swern oxidation of (5) generated the aldehyde (11) in
excellent yields. Wittig olefination of (11) with (12) provided the conjugated ester (13),
which was subjected to hydrolysis and peptide coupling to provide analog (16).

These analogs lacking the cyclopentene ring not only retained activity, but, in some cases,
showed an enhanced cytotoxic profile (table 3 and figure S9). We hypothesized that the
2-alkynylthiazole moiety constitutes the pharmacophore associated with ferroptosis activity.
This was particularly captivating considering the small size of the pharmacophore. We
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hypothesized that the thiazole ring with the terminal alkyne behaves as a Michael acceptor
and acts as a covalently interacting electrophilic warhead that induces ferroptosis. To test
this hypothesis, we synthesized analogs of (5) without any additional group tethered at the
ester functionality (scheme 2). We focused on steric and electronic modifications of the
alkyne group. It was converted to the corresponding propyne (20) and (phenyl)acetylene
analogs (24) and (22) via decarboxylative cross coupling and Sonogashira coupling,
respectively. Conversion to the terminal alkene (18) was achieved through Suzuki cross
coupling using vinylboronic acid pinacol ester (17).

To investigate the effect of the nature of the heterocycle and the nature of the electrophile

at 2-position, we synthesized a series of benzo[d]heterocylces with different electrophilic
groups at the 2-position. Simple fused benzo[d]heterocycles were commercially available,
and others were synthesized as shown in scheme 3. To synthesize Se-analog (27), 2-iodo
aniline (25) was converted to the diselenide (26) by a two-step sequence32. Coupling

of the diselenide with formic acid in the presence of PBu3, followed by intramolecular
cyclization generated compound (27). Compounds 27-30 were subjected to halogenation

at the 2-position using perfluorobutyl iodide or carbon tetrabromide to generate the
corresponding iodo and bromo analogs (31-38)33. They were then subjected to Sonogashira,
Suzuki and decarboxylative cross coupling to provide the corresponding terminal alkyne
(43-45), terminal alkene (39-41) and propyne analogs (46), respectively. The corresponding
alkene and alkyne selenium analogs ((42) and (47), respectively) were synthesized as

shown in scheme 3 from intermediate (26) through peptide coupling with the corresponding
carboxylate followed by deoxygenative cyclization with POCI334. To investigate the effect
of a ring substituent at 5-position on the reactivity of the thiazole alkyne, the non-fused 5-
phenyl thiazole analog (48) was synthesized by Sonogashira coupling of the corresponding
halide.

All analogs described so far have the electrophilic moiety at the 2-position of the
heterocycle. In order to investigate the effect of substitution at other positions on reactivity
and bioactivity, the 4-alkynyl and 5-alkynyl analogs (51) and (57) were synthesized. For the
synthesis of the 4-alkynyl analog (51), the aldehyde (11) (scheme 4) was directly converted
to the terminal alkyne through Seyferth-Gilbert homologation utilizing Ohira-Bestmann
reagent (50) (synthesized as shown in scheme S1)3°. In addition, the corresponding

terminal alkene (49) too was synthesized via Wittig reaction (scheme 4). The bromine

at the 2-position was retained to increase the electron deficiency of the thiazole ring,

making the alkyne more electrophilic. The synthesis of the 5-alkynyl analog (57) was more
challenging due to lack of appropriately substituted building blocks and the higher reactivity
of 2-position compared to 5-position. Incorporation of a para-fluoro-phenyl ring served to
block this position and also to reduce the electron density of the thiazole ring due to its
strong electron withdrawing nature and thereby to increase the electrophilicity of the alkyne
moiety. For this synthesis, the aminothiazole (52) was converted to the corresponding iodo
derivative (53) through a Sandmeyer type iodination involving diazonium salt formation
under strong acid conditions. Selective Suzuki coupling with para-fluoro-phenyl boronic
acid under standard conditions gave (55). It was converted to 5-alkynyl (57) and 5-vinyl (56)
analogs by Sonogashira and Suzuki coupling, respectively. Efforts to replace the ester with
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another aromatic ring generated highly hydrophobic compounds which showed no activity
due to poor solubility (scheme S8 and figure S8).

Analogs (58) and (59) were used to study the effect of alkyne vs isosteric nitrile at

the thiazole 2-position. Analog (58) was synthesized via Sonogashira coupling of the
corresponding bromide. The corresponding nitrile (59) is commercially available. To study
the role of five-membered vs six-membered heterocycles, compounds (1) and (2) were
synthesized. They were recently reported as potential kinase inhibitors bearing a new
electrophilic warhead!®. Although the electrophile is not a part of an aromatic system,
these compounds have significant similarities with the fragments studied in this work and
therefore, it was thought prudent to evaluate their ability to induce ferroptosis. They were
synthesized as reported previously (Scheme S2)18. The commercially available pyridine
(60) and pyrimidine (61) compounds were evaluated as additional representatives of 6-
memberted ring electrophiles. All heterocycles reported and evaluated in this work are listed
in figure 2.

DFT & Kinetic Studies

Prior to biological evaluation, we performed density functional theory (DFT) calculations on
several representative analogs. Computational analysis was performed to test the tunability
of the electrophilicity of the heterocycles. First, we analyzed the electrophilic sites for
several representative analogs by calculating their Fukui functions3®, confirming high
electrophilicity for the 2-position on the heterocycle as well as the corresponding terminal
alkyne/alkene positions (figure S3). Then, we estimated the adduct formation and transition
state energies for the reaction of the analogs with methyl thiol. The results (table 1) show
that the alkene analogs are less reactive than their alkyne counterparts (compare (56) vs (57),
(51) vs (49), (18) vs (22) and (41) vs (45)). To our surprise, the bromo and iodo-analogs
(tables 1 and 2) turned out to be highly reactive. This can be a major disadvantage in a
biological system where it can lead to nonspecific reactions. For the benzo[d]heterocycles,
we hypothesized that in addition to the nature of the electrophile at the 2-position, we

can tune the reactivity by changing the nature of the heteroatom in the heterocycle itself.
Heterocycles with strong lone pair-donating hetero atoms like in imidazole will have
reduced reactivity, while those with hetero atoms which are weak lone pair donors such

as Se will be more reactive electrophiles. Indeed, DFT calculations confirmed that the
reactivity of the alkyne series inversely correlates with lone pair nucleophilicity. Thus,

the imidazole analog (43) has the highest adduct formation energy (0.22 kcal/mol), while
the selenazole analog (47) has the lowest (=10.43 kcal/mol). This hypothesis was further
confirmed by calculations of the LUMO energy (figure 3 and table S2). Electron donation
by neighboring heteroatoms increases the LUMO energy of the corresponding electrophile,
making nucleophilic attack energetically more demanding (figure 3). As shown in table 1
and figure 3, substitution on the alkyne moiety (analog (46)) makes it a weaker electrophile
by increasing both LUMO energy and presumably, steric interactions during thiol addition
(high transition state energy of 6.06 kcal/mol).

To compare the relative electrophilicity of the analogs described in figure 2, we performed
an NMR-based kinetic study utilizing the methyl ester of A-Boc cysteine as a thiol-based

J Med Chem. Author manuscript; available in PMC 2023 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karaj et al.

Page 7

nucleophile in the presence of DABCO as the base (figure 4). DMF was used as an internal
standard. The reactions were performed in DMSO-dgand NMR spectra were recorded at
regular time intervals. The series of spectra was processed utilizing MestReNova software
and the half-lives (t1,7) were calculated (figure 4B and table S1). For the terminal alkyne
and alkene analogs, disappearance of the triple bond (as shown in representative example in
figure 4B) and the double bond was monitored. For other types of electrophiles, shifting of
appropriate aromatic proton signals was observed. Not surprisingly, for the alkyne series, as
shown in figure 4A (and scheme S9), formation of only the double bond in £-configuration
(based on J coupling) was observed. As shown in figure 4C, the heterocycles can be
classified into four different groups based on their ty/» values. Those with ty;» <5 min, those
with 5 min <ty;» < 1 hr, analogs with 1 < ty» < 6 hr and analogs with t;;, > 6 hr. The alkyne
analogs are more reactive than the corresponding alkenes, while alkyl-substituted alkynes
had reduced reactivity. However, for bromo and iodo-analogs, despite being extremely
reactive in the computational analysis for thiol additions, their reactivity in the NMR-based
kinetic study was extremely slow (> 6 hr). Comparison of electrophilicity as determined

by tq» for thiol addition in NMR studies with cytotoxicity as determined by 1Csq values

for growth inhibition of NCI H522 cells (represented by different color codes in figure 4C)
reveals a direct correlation between the two; the most reactive electrophiles being typically
the most biologically active as well.

These molecules are highly cytotoxic at low pM range. If they exhibit similar reaction
kinetics in biological systems, then they should react almost immediately with glutathione
(GSH) and get deactivated (thiol adducts are inactive, figure S7B). However, GSH
deprivation cannot be a sufficient explanation for the observed phenotypes as intracellular
GSH levels can reach as high as 10 mM37 and cannot be significantly reduced by molecules
with concentrations < 1 pM or in some cases low nM. Thus, it can be hypothesized that

in a biological system these molecules are not as reactive towards thiol addition as they
appear to be in the NMR study. This difference can be attributed to pH. The NMR kinetic
study was performed in a basic environment generated by the addition DABCO. Indeed, if
the same study is conducted without the addition of a base, the reaction half-lives increase
significantly. For example, the half-lives of (45) (ty/» <5 min) and (22) (t1/» 18.9 min)

in the presence of DABCO, increase to > 6 h and 4.43 h, respectively in the absence of
DABCO. This observation is consistent with previous studies which suggest that the reaction
of electrophiles with cysteines is highly dependent on the propensity for the thiol to be
deprotonated38:39, We further validated the reactivity of our heterocycles by determining
incubation time50 (ITsp). I Tsg is the time a drug treatment takes to cause irreversible
damage leading to 50% cell death. We compared analog (45) (vide infra for biological
studies) with the well-known suicide inhibitor of GPX4, RSL3. NCI-H522 cells were treated
with the respective inhibitor and washed at different time points (figure 5A). Results (figure
5B and C) suggest that cells incubated with (45) and RSL-3 for 1-2 h cannot be rescued by
washing off of the drug.

Biological Evaluation

With the library of electrophilic fragments in our hands, we proceeded to evaluate their
cytotoxicity on two cancer cell lines, the ferroptosis-sensitive mesenchymal cell line NCI-
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H522 and the ferroptosis-insensitive epithelial cell line HCT-116 (table 3 and figures S9 and
S10). Previous studies in our laboratory have confirmed that HCT-116 cells are sensitive

to erastin, but not CETZOLEsS, sulfasalazine, or simple cystine starvation40. This may be
due to erastin having several other targets including mitochondrial voltage dependent anion
channels (VDAC2/3)*L. Thus, this system of two cell lines is ideal for initial screening of
the compounds for ferroptotic death. The thiazole anilides (8—10 and (16)) demonstrated
superior cytotoxicity with 1Csq values ranging from 0.37 £ 0.03 uM to 0.67 + 0.07 pM
(table 3 and figure S9A). As expected, (8) with a para-methoxy group was the least active
analog of this series with ICsq 0.67 + 0.07 uM, whereas positioning an electron withdrawing
group (EWG) such as chlorine at this position as in (10) enhanced cytotoxicity (ICgq 0.54

+ 0.09 uM). Extension of conjugation in combination with the electron withdrawing effect
further enhanced the sensitivity of NCI-H522 cells, with analog (16) demonstrating an ICsg
value of 0.37 £ 0.03 uM. The attenuated effects of these compounds on the HCT-116 cells
was demonstrated by approximately 8-62-fold increase in the 1Cgq values (table 3 and
figure SOA). For the benzo-heterocyclic series, positioning of an electrophilic group at the
2-position proved to be crucial for activity since compounds (27-30) showed no effect (table
3 and figure S9B). The analogs such as (32), (34), (36) and (38) with a bromo substituent at
the 2-position had no significant effect either (table 3 and figure S9C). Replacing bromine
with the better leaving group iodine did not prove to be useful in the benzothiazole and
benzoselenazole series, but the corresponding benzimidazole (31) and benzoxazole (33)
analogs proved to be potent cytotoxic agents (table 3 and figure S9D). Incorporation of a
double bond did not provide highly potent molecules. The benzoxazole and benzothiazole
did not benefit from incorporation of a double bond as a softer electrophile, but the
benzimidazole and benzoselenazole series provided the cytotoxic analogs (39) and (42),
respectively (table 3 and figure SOE). Placing a terminal alkyne at the 2-position generated
highly active analogs for all tested series (table 3 and figure S9F). The benziimidazole
analog (43) showed the highest 1C5q value. However, although the benzoselenazole alkyne
(47) was expected to be the most active analog of this series, the best cytotoxic profile

was demonstrated by the corresponding benzothiazole alkyne (45) with 1Csq values of 0.86
+0.06 and 19.61 £ 1.95 uM for NCI-H522 and HCT-116, respectively. We attribute this

to the potential instability of the selenium-based analog. The steric and electronic demand
for a terminal alkyne is shown by the total loss of activity of the corresponding propyne
analog (46). Ring fusion favors biological activity as shown by the comparison of activities
of (45) and (48) (table 3 and figure S10D). We then investigated the effect of substitution

of the alkyne in the thiazole ester series in (table 3 and figure S10A). Consistent with
previous observations, substitution on alkyne (20 and 24) or replacement with terminal
alkene (18) resulted in diminished activity. Only the corresponding terminal alkyne (22)
showed significant cytotoxic effects with 1Csq 2.67 + 0.34 uM on the H522 cell line with

no observable effects on the HCT-116 cells even at 40 uM (ICgq > 40 uM), pointing to
more selective ferroptosis induction. Positioning of the substituent at the 4-position of the
thiazole ring generated inactive analogs whereas substitution at the 5-position produced the
cytotoxic alkyne analog (57) (table 3 and figure S10B). Consistent with our observations, in
the highly cytotoxic benzoxazine analogs reported by McAulay et al.18, the terminal alkyne
(2) was more active than the propyne analog (1) (table 3 and figure S10C). The unsubstituted
thiazole-alkyne (58) did not show any significant cytotoxicity, a phenomenon yet to be fully
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understood. Similarly, the corresponding 2-nitrile (59) was inactive. The pyridine (60) and
pyrimidine (61) derivatives showed no significant activity. Table 3 summarizes the 1Csg
values for all of the tested compounds. In order to investigate biological effects which, stem
from reaction only at the 2-position of heterocycles, analogs (22) and (45) were preferred in
further biological assays.

Liproxstatin-1 rescue and C11-BODIPY lipid peroxide measurement

As HCT-116 cells are more “resistant” to ferroptosis than NCI-H522 cells, compounds
that selectively induce ferroptosis would show significantly higher ICsq values in this

cell line when compared to the NCI-H522 cell line. For example, the original compound
CETZOLE-1, was not able to kill the HCT-116 cells at 40 pM, the highest concentration
we had used, indicating that I1Csq value on this cell line should be much higher than 10-fold
when compared to the NCI-H522 (table 3). In contrast, the pan HDAC inhibitor SAHA,
which induces cell death by mitotic arrest followed by apoptosis showed comparable ICsg
values on both cell lines. Although this system of two different cell lines can provide
some information on selective ferroptosis induction, it is not sufficient to prove that these
differences are indeed due to ferroptosis. To associate the activity of the fragments with
ferroptosis induction, we performed rescue experiments using the selective ferroptosis
inhibitor Liproxstatin-1, which acts as a radical trap selectively on lipid bilayers*2. Thus,
we treated NCI-H522 cells with 2-3 times the 1Cs of the cytotoxic analogs, in the
presence (0.25 uM) and absence of Liproxstatin-1. All analogs of the amide series have
significant cytotoxicity on the NCI-H522 cells, which was completely rescued in the
presence of Liproxstatin-1 (figure 6). For the benzo[d]heterocycles, ferroptosis inhibition
rescued cells only with the alkynes. The corresponding alkene (39) and iodo-derivative (31)
kill NCI-H522 cells at the same rates both in the absence and presence of Liproxstatin-1,
indicating that these molecules have the ability to induce other cell death mechanisms.
Liproxstatin-1 treatment provided significant mitigation of cytotoxicity induced by the
alkyne benzo[d]heterocycles (compounds 43-45 and (47)). Consistently, the promising
cytotoxic profile of analog (22) is associated with selective ferroptosis induction, with
Liproxstatin-1 treatment rescuing 100% of the cells. The investigation of positional effects
demonstrated similar results with the benzo[d]heterocycles. For the alkynyl benzoxazine
analogs, only (2) showed significant rescue of cells by Liproxstatin-1.

Induction of ferroptosis is associated with accumulation of lipid peroxides. Therefore,

we used C11-Bodipy as a surrogate marker for lipid peroxides (figure 7). C11-Bodipy
inserts into cellular membranes and exhibits a shift in emission spectrum upon oxidation,
widely considered to indicate the presence of reactive oxygen species in the vicinity of
biological membranes*3:44. After treatment with the imidazole iodine analog (31) C11-
Bodipy oxidation was indistinguishable from the corresponding DMSO treatment (figure
7A). Thus, considering the data from the rescue experiments, analog (31) does not associate
with ferroptosis induction. The same can be applied for the alkene analogs (42) and (39)
(figures 7B and C), which marginally increase C11-Bodipy oxidation, but, failure to rescue
NCI-H522 cells from Liproxstatin-1 co-treated with these compounds indicates cytotoxicity
is not limited to the ferroptotic cell death mechanism. Interestingly, all alkyne analogs
resulted in significant increase in C11-Bodipy oxidation (figures 7D-L and figure S4). As
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an example, compound (45) increased the C11-Bodipy oxidation more than 5-fold within 6
h of treatment. It should be noted that for compounds in figure 7F and J-L, the incubation
time had to be reduced to 3 h due to accelerated cell death. In fact, for some of the tested
compounds, cell death was so fast that most of the cells were dead by 3 h as shown in figure
S4.

Chemoproteomic Evaluation

Covalent inhibitors provide a powerful alternative for the development of potent therapeutic
agents due to permanent inactivation of proteins. However, lack of selectivity is usually

a major concern in such approaches. Thus, target elucidation is a crucial step in the
development of covalent therapeutic agents. We have previously reported that induction

of ferroptosis by CETZOLEs is consistent with inhibition of system Xc™. For example,
glutamate secretion as well as uptake of cystine-FITC are reduced in treated cells28,
However, these effects may be either direct or indirect and do not definitively identify this
antiporter as a direct target. To investigate the potential biological targets of our fragments,
we performed appropriate chemoproteomic experiments by activity-based protein profiling
(ABPP) introduced by Cravatt and co-workers (figure 8A)*°. We designed and synthesized
(Schemes S3 and S4) appropriate probes containing a terminal alkyne as a bioorthogonal
handle for incorporation of affinity or reporter tags (figure 8C)*6. We used TAMRA-PEG3-
N3 synthesized in our laboratory from TAMRA-acid (synthesized as previously reported®?)
and NH,-PEG3-N3 (synthesized as previously reported8) (Scheme S5 and figure S1) as

the reporter tag, while commercially available Biotin-TAMRA-PEG3-N3 was used as the
affinity tag (figure 8B). This allowed the monitoring of the proteins pulled down by in-gel
fluorescence analysis (figure 10) and their identification by mass spectroscopy. Efforts to
synthesize probes where the tags will be directly attached to the probe were not successful as
shown in Scheme S6 and figure S2.

The small heterocyclic probes were obtained by peptide coupling of the corresponding
carboxylic acid with propargylamine (scheme S4). Compound (65) serves as the appropriate
probe, because it is a derivative of (22), which induces ferroptosis with high selectivity when
compared to the majority of the tested heterocycles. In addition, we tested three negative
controls, the phenylacetylene analog (66), the bromine analog (67) and the unsubstituted
analog (68). Among these, (66) could be considered the most appropriate control, because
the corresponding heterocyclic ester (24), although undergoes thiol addition (vide supra

for NMR kinetic studies), does not induce ferroptosis, a characteristic that will assist
identification of proteins associated with the observed phenotype in subsequent fluorescent
labeling and proteomic experiments. In addition, we designed compound (64) as a probe

of the parent CETZOLE-1 molecule by reductive amination of the corresponding ketone
(scheme S3) with propargylamine. This was to ensure that the labeling profile does not

alter due to structural simplification of CETZOLE-1 to the thiazole heterocycles. We
initially performed extensive biological investigations of the library of probes to confirm
whether they retained the ability to induce the same phenotype (figure 9). Consistent with
the cytotoxicity profile of the heterocycles, both probes (64) and (65) were more toxic

to the ferroptosis sensitive NCI-H522 cells than the ferroptosis “resistant” HCT-116 cells.
Although probe (65) showed some toxicity on the HCT-116 cells, the required concentration
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is relatively high to rule out its application in chemoproteomic experiments. Fortunately,
the designed controls (66—68) did not have any effect on both cell lines (ICsq > 40

UM). Liproxstatin-1 rescue experiments and lipid peroxidation measurements confirmed the
ability of the probes to induce ferroptosis in NCI-H522 cells.

To confirm that the labeling profile of our small heterocyclic warheads is similar to that

of the parent molecule CETZOLE-1, we performed fluorescent labeling experiments. NCI-
H522 cells were treated with appropriate probes for covalent binding with their target
proteins. Cells were lysed and copper-catalyzed azide-alkyne cycloaddition (CUAAC) was
performed under standard conditions to append the fluorescent reporter TAMRA-PEG3-N3.
The labeled proteins were visualized by in-gel fluorescence analysis. The results show that
the probe, based on the parent molecule (64) and the probe of the heterocyclic warhead
(65), produce almost identical labeling profiles (figure 10A). This confirmed the conclusion
from our SAR studies that the cyclopentene ring of CETZOLE-1 can be replaced with
other groups. In addition, the fluorescent intensity of all labeled proteins followed a
dose-dependent pattern (figure 10B). The labeling of several prominent proteins (e.g., at
~50 kDa, ~30 kDa and ~32 kDa) could be blocked by the pretreatment of cells with
CETZOLE-1, suggesting specific binding interactions (figure S5A). The covalent nature
of the labeling was further validated by competition with iodoacetamide (IA), which is a
known nondiscriminatory electrophile that covalently attaches to nucleophilic residues of
proteins such as cysteine (figure 10C). Pretreatment of NCI-H522 cells with 1A diminished
the labeling of most of the targeted proteins, suggesting that indeed the proteins of interest
have nucleophilic residues that covalently bind to our probes. Competition experiments with
a series of ferroptosis inducers (figure 10D) such as RSL3 (10 uM), ML162 (10 uM)

show overlapping small molecule interactome (compare bands ~32 kDa and ~19 kDa in
figure 10D). As expected, no competition was observed with erastin (20 uM) (figure 10D).
Among the tested heterocycles, the terminal alkynes (45) and (2) (20 uM) demonstrated high
competition, in contrast to the iodo (31) or terminal alkene (39) benzimidazole analogs (20
uM) (figure S5B).

We next performed pulldown assays to identify the labeled proteins by mass spectrometry.
Bioorthogonal ligation with the TAMRA-Biotin-Azide tag allows for enrichment of the
desired proteins utilizing streptavidin magnetic beads. Part of the enriched samples (30%)
was analyzed for fluorescent labeling to confirm that the pulldown succeeded in enriching
the same proteins that were visualized in the fluorescent labeling experiments (figure 11).
The rest of the samples were analyzed by LC-MS/MS (by MS Bioworks). As shown in
figure 11, enriched samples were separated on short SDS gel (2cm), which was then cut
in to 12 equally sized bands, of which the last three bands were combined to give a total
of 10 bands. Each band was processed by in-gel digestion providing peptide fragments,
which were identified by mass spectroscopy using Mascot (Matrix Science) and further
validated with Scaffold (Proteome Software). Following this process more than 2000
proteins were identified, but among them only 227 met the enrichment criteria (figure 11
and S.I proteomic excel file). Because large proteins usually tend to contribute more to
the spectral count than small ones, the relative values of protein abundance were estimated
by Normalized Spectral Abundance Factor (NSAF, = (SpC/MW)/Z(SpC/MW)N) method
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(figure 11 and S.1 proteomic data file). The NSAF method is useful to minimize the
variations originated from protein length#®:50. The majority of the proteins identified are
involved in intracellular redox pathways. As shown in figure 12A subjecting the enriched
proteins to protein analysis through evolutionary relationships (PANTHER)>! classification
revealed that most of the enriched proteins are involved in catalytic processes. In addition,
BLAST analysis (in the S.1) showed that all enriched proteins contain multiple cysteine
residues, while three of them contained selenocysteine, both capable of covalently attaching
to our heterocyclic fragments. Among, the proteins identified, GPX4 is the most notable
contender whose relationship with induction of ferroptosis is undisputable1’-21.52, However,
the possible contribution of other proteins in generating the phenotype observed with

our electrophiles cannot be overlooked. For example, glutathione S-transferase omega-1
(GSTO1), which has the highest relative abundance, is an atypical GST isoform whose
functions are not fully understood. Although, as shown by Ramkumar et al.53, covalent
inhibition (or knock-down) of GSTOL1 by chloroacetamide based electrophiles proved to be
lethal in cancer cells, its correlation with ferroptosis is not clear despite its role in cellular
stress responses is now emerging®# 6. To further validate the mass spectrometry results,
we performed pulldown experiments and analyzed the enriched proteins by western blot.
However, performing such analysis for 227 proteins will be extremely tedious. Thus, we
compared the data for the enriched proteins using probe (65) with previous reports’=20 for
other electrophilic probes ML162-yne, RSL3-yne and diacylfuroxan-di-yne (figure 12B).
We considered enriched proteins which were confirmed either by mass spectroscopy data or
western blot analysis. We have observed enrichment of GPX4, GTSO1 and TRXD1 proteins
with all these probes, which is represented in the Venn diagram (figure 12C). Thus, we
aimed to further validate the finding by western blot analysis. As shown in figure 12D,
western blot results are consistent with mass spec results for GPX4 and GSTO1. Although
TXRD1 was marginally enriched in the proteomics data, western blot analysis reveals that
even inactive/less active compound (66) has the ability to label this protein. We further
validated the ability of our compounds to bind to GPX4 by Cellular Thermal Shift Assay
(CETSA)®’. We used analog BCP-T.A (vide infra for “not all warheads are equal™), a
bulkier molecule onto which we have incorporated our electrophilic fragment. Interaction
of BCP-T.A with GPX-4 is indicated by the stabilizing effect our molecule has on GPX4
by shifting its aggregation temperature (Tagg) by ~7 °C (figure 12E-G). This stabilizing
effect on GPX4 is in line with previous reports on stabilization of GPX4 by ML210%/,
which has the same pharmacophore as BCP-T.A, but different electrophilic warhead.

Thus, we have proven the ability of our electrophilic warheads to bind to GPX4 by mass
spectrometry, western blot analysis and CETSA. Although, GPX4 inevitably becomes the
focus of our work, inhibition of other proteins should not be overlooked when incorporating
these fragments into potential drug candidates. In addition, the possibility of an altered
small molecule interactome can emerge, warranting additional chemoproteomic analysis for
potential drug candidates.

Not all electrophilic warheads are equal

In order to demonstrate that our novel heterocyclic warheads are capable of generating
highly cytotoxic molecules, we synthesized a series of analogs based on the pharmacophore
of 1-(bis(4-chlorophenyl)methyl)piperazine (BCP) of ML210, by altering the electrophilic
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warhead (scheme 5). In addition to the masked nitrile oxide ML210 (commercially
available), C.A and P.A warheads were incorporated into BCP generating compounds
BCP-C.A and BCP-P.A (same molecules have been previously reported!?). Following the
same approach, our novel electrophilic warhead thiazole alkyne was incorporated to form
BCP-T.A. We investigated the selective ferroptosis induction ability of the BCP -series

by calculating their 1Cgq values in the presence and absence of Liproxtastin-1 on the NCI-
H522 cell line (table 4 and figure S11). ML210 showed a mean 1Csq value of 44 nM,

which in the presence of Liproxstatin-1 (0.25 pM) was about 800-fold higher. Consistent
with previous reports, C.A and P.A warheads proved to have poor potency and selectivity.
To our amazement, BCP-T.A which incorporated the novel thiazole alkyne electrophile
demonstrated an astonishing mean ICsq value of 17 nM, which was increased approximately
500-fold by Liproxstatin-1 (0.25 uM). The same cytotoxicity profile was demonstrated on
multiple cancer cell lines (table 4 and figure S11). The enhancement of cytotoxicity by the
BCP pharmacophore intrigued us to further investigate how this pharmacophore synergizes
with our fragments and lowers their ICgq from low uM to low nM. Our NMR Kinetic studies
suggested that the presence of a base is crucial for thiol addition. Thus, we hypothesized that
the basic nitrogen of the piperazine may be crucial for cytotoxicity enhancement. Indeed,
incorporation of morpholine or piperidine pharmacophores increased the 1Cgq back to low
UM (scheme 5B and Scheme S10). In addition, replacement of the BCP moiety with the less
basic phenyl-piperazines (scheme 5C), resulted in analogs with attenuated 1Cgq values (2-3
fold), but still in the low nM range. Introduction of aliphatic substitution on the piperazine
ring such as in the case of the ethyl-group, resulted in the unstable analog (75) which
showed no sign of cytotoxicity (ICsg > 1 uM). These data suggest a potential role for the
presence of aromatic groups on generating low nM agents, possibly by participating in
secondary interactions with target proteins and/or by stabilizing the corresponding analogs.
Previous SAR studies in our laboratory, as well as comparison of the activity of amide
series analogs 8-10 and 16 suggest that extended conjugation of the thiazole alkyne moiety
results in analogs with enhanced cytotoxicity. Accordingly, combination of the piperazine
pharmacophore BCP with r-extended thiazole alkyne fragment results in a highly potent
analog (78) with single digit 1C5q value (6 nM) (scheme 5D and Scheme S10). This
observation is crucial for targeted covalent inhibition, because in some cases, thiol addition
can be affected by the presence of a base in proximity to the site of action, since cysteines
surrounded by basic residues have lower pKa values than the ones surrounded by acidic
residues3®. Although, this can result in introduction of some degree of selectivity, it limits
the cysteines that can be targeted. Our preliminary observations suggest the possibility

of incorporating the “right” base into a pharmacophore as a means of enhancing thiol
addition and selectivity. Similar observations have been previously suggested for acrylamide
warheads bearing a dimethylamino group at the p position38:59, In the case of the GPX4, the
catalytic cycle of selenocysteine oxidation in glutathione peroxidase catalysis was recently
studied using a quantum chemistry approach80:61, According to these studies selenol
deprotonation occurs via long-range proton shuttling to the imino-nitrogen of Trp136 (figure
1C). Thus, the mechanism of GPX4 catalysis generates selenolate anion which is capable

of covalent attachment, suggesting some degree of selectivity for covalent inhibition. These
are preliminary observations that need further investigation and confirmation. As shown

in table 4, electrophilic warheads that have the ability to induce ferroptosis can generate
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highly cytotoxic molecules with low nM ICgq values. However, one drawback of ferroptosis
inducers that is typically overlooked is their poor selectivity for cancer cells over normal
cells, especially mesenchymal normal cells like mouse embryonic fibroblasts (MEFS)

and human lung fibroblasts (WI-38) (table 4 and figure S10). This may be one of the
reasons for the lack of any ferroptosis inducers in clinical use, leading to a need for

novel approaches such as hybrid molecules and combinatorial treatments to exploit their
remarkable anticancer effects.

CONCLUSIONS

In this work we report the rational design of heterocyclic electrophiles which can act as
warheads capable of inducing ferroptosis. We evaluated the cytotoxicity of our electrophiles
in two cell lines, the ferroptosis-sensitive NCI1-H522 cell line and the ferroptosis “resistant”
HCT-116 cell line to delineate ferroptosis induction from other cell death mechanisms. We
further confirmed the ability of our molecules to induce ferroptosis by rescue experiments
utilizing the selective ferroptosis inhibitor Liproxstatin-1 and by measuring the levels of
lipid peroxides. Biological evaluation demonstrated that thiazoles with an alkyne group at
the 2-position are the most potent and selective ferroptosis inducers. One characteristic that
makes our warheads unique when compared to existing alternatives is the ability to tune
their reactivity in multiple ways. NMR kinetic studies showed that our heterocycles have
the ability to undergo thiol addition at different rates, depending on steric and electronic
factors as well as other environmental factors such as pH. DFT calculations confirmed

the ability to tune reactivity by changing the nature of the electrophile, the nature of

the heterocycle and by ring fusion. Interestingly, there is direct correlation of the rate of
thiol addition with bioactivity, the fastest reacting electrophiles being typically the most
cytotoxic as well. In order to have a detailed understanding of the proteins targeted by

our electrophiles, we designed appropriate ABPP probes for chemoproteomic analysis.
Initially, we confirmed by in-gel fluorescent analysis that our heterocyclic fragments have
almost identical interacting proteins with the parent CETZOLE molecules. In addition,

we showed that fluorescent labeling of target proteins is covalent in nature and intersects
with other covalent ferroptosis inducers such RSL3, ML162. Detailed fluorescence analysis
enabled us to perform pulldown experiments. Enriched samples were analyzed by LC-
MS/MS leading to the identification of more than 2000 proteins, of which only 227 were
enriched by our ferroptosis inducing probe. GPX4 emerges as the most prominent target
due to its high correlation with ferroptosis induction. Considering data from previous
proteomic studies with similar warheads, GSTO1 can be considered another important
target, although its relation to ferroptosis remains unclear. Proteomic data were further
validated by western blot analysis of pulldown samples. Due to the importance of targeting
GPX4, we additionally evaluated interaction of our fragments with GPX4 by CETSA.
Incorporation of heterocyclic fragments into ferroptosis-related pharmacophores such as
the one from ML210 demonstrated the ability of our fragments to generate highly potent
molecules. Analog BCP-T.A, demonstrated low nM ICsq on a series of ferroptosis sensitive
cell lines, while on the NCI-H522 cell line, co-treatment with Liproxtatin-1 increased

the 1Cgq value by approximately 500-fold, indicating high selectivity. In conclusion, the
discovery of CETZOLE molecules as ferroptotic agents culminated in the identification of

J Med Chem. Author manuscript; available in PMC 2023 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karaj et al.

Page 15

tunable heterocyclic electrophiles that induce ferroptosis. Their reactivity can be tuned in

a myriad of ways, with only the basic ones being studied in this work. Our goal was to
demonstrate the ability of our fragments to undergo thiol addition and induce ferroptosis

in a selective manner. Our previous work uncovered reduced activity of system Xc- in
CETZOLE-treated cells; however direct binding was not determined. Our current work
illustrates the importance of a chemoproteomics approach to identify direct targets. In fact,
the current work indicates that GPX4 is a direct CETZOLE target consistent with ferroptosis
induction. Effects on system Xc- function may be indirect; however direct binding to this
transporter cannot be ruled out. Ferroptosis is a recently discovered cell death mechanism,
of which the vast majority of interacting pathways remains unknown. As to how the
inactivation of system Xc™ and covalent inhibition of proteins such as GPX4 and GSTO1
intersect is unclear at this stage and will be the subject of our future studies. However, the
tunable electrophilic fragments reported in this work induce ferroptosis in a selective manner
and, when incorporated into appropriate pharmacophores, can generate highly cytotoxic
molecules. They expand the available toolbox of ferroptosis-inducing electrophiles that can
find applications in TCI, synthesis of hybrid molecules and design of chemical biology
probes.

Experimental

Chemistry

Material and Methods.—All chemicals and solvents were purchased from commercial
sources and used without further purification, unless stated otherwise. Anhydrous
tetrahydrofuran was freshly distilled from sodium and benzophenone before use. 1H and
13C NMR spectra were recorded on Brucker Avance 600MHz, INOVA 600 MHz and Varian
VXRS 400 MHz NMR spectrometers in deuterated solvents using residual undeuterated
solvents as internal standard. High-resolution mass spectra (HRMS) were recorded on a
Waters Synapt high definition mass spectrometer (HDMS) equipped with nano-ESI source.
Melting points were determined on a Fisher-Johns melting point apparatus. Purification

of crude products was performed by either flash chromatography on silica gel (40-63 )
from Sorbent Technologies or on a Teledyne ISCO CombiFlash Companion chromatography
system on RediSep prepacked silica cartridges. Thin layer chromatography (TLC) plates
(20 cm x 20 cm) were purchased from Sorbent Technologies (catalog #4115126) and were
viewed under Model UVG-54 mineral light lamp UV-254 nm. A Shimadzu Prominence
HPLC with an LCT20AT solvent delivery system coupled to a Shimadzu Prominence SPD
20AV Dual wavelength UV/Vis absorbance Detector, a Shimadzu C18 column (1.9 m, 2.1
mm x 50 m) and HPLC grade solvents (MeOH, H,0 with 0.1% formic acid) were used to
determine the purity of compounds by HPLC.

General procedure 1: Hydrolysis of esters—To a stirred solution of the carboxylate
(1 equiv.) in THF: H,0 (3:1,3 mL/mmol) was added 2 N NaOH. The resulting mixture was
stirred for 3 h at room temperature, after which it was extracted with DCM. The aqueous
layer was acidified to pH = 4 and extracted with EtOAc. The organic extract was dried
over anhydrous NaySQy, filtered, and concentrated under reduced pressure to obtain pure
product.
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General Procedure 2: amide coupling—To a stirred solution of the carboxylic

acid (1 equiv.) in anhydrous DCM (5 mL), were added N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (1.5 equiv.), triethylamine (2 equiv.), and the amine (1.2
equiv.). The mixture was stirred overnight at room temperature, after which it was diluted
with brine and extracted with DCM. The organic extract was dried over anhydrous NaySQOy,
filtered and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica in EtOAc/hexanes to yield the pure product.

General procedure 3: lodination at 2-position of heteroarenes—To a stirred
solution of the heteroarene (1 equiv.) in anhydrous DMF (1 mL) was added perfluorobutyl
iodide (1.1 equiv.), followed by sodium t-butoxide (0.5 equiv.). The resulting mixture was
stirred for 30 min at room temperature, after which it was diluted with brine and extracted
with Et,0. The organic extract was dried over anhydrous Na,SQOy, filtered, and concentrated
under reduced pressure. The crude product was purified by flash chromatography on silica in
EtOAc/hexanes to yield the pure product.

General procedure 4: bromination at 2-position heteroarenes—To a stirred
solution of a heteroarene (1 equiv.) in anhydrous DMF (1 mL) was added carbon
tetrabromide (1.1 equiv.), followed by sodium t-butoxide (3.6 equiv.). The resulting
mixture was stirred for 30 min at room temperature, after which it was diluted with

brine and extracted with Et,0. The organic extract was dried over anhydrous Nay,SQOy,
filtered and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica in EtOAc/hexanes to yield the pure product.

General procedure 5: Sonogashira coupling—To a stirred solution of the
bromo/iodo-heteroarene (1 equiv.) in anhydrous DCE (2 mL/mmol) were added
bis(triphenylphosphine)palladium (I1) dichloride (5 mol%) copper(l) iodide (6 mol%),
alkyne (1.2 equiv.), and triethylamine (2 equiv.). The resulting mixture was stirred for 3

h at 83 °C, after which it was allowed to cool to room temperature, and concentrated under
reduce pressure in the presence of silica gel. The product loaded on silica gel was purified
by flash chromatography on silica in EtOAc/hexanes to yield the pure product.

General procedure 6: Suzuki cross-coupling—To a stirred solution of the bromo/
iodo-heteroarene (1 equiv.) in anhydrous DME/H,0 (4:1, 1 mL/mmol) were added
tetrakis(triphenylphosphine)palladium (5 mol%), boronic acid (2 equiv.), and Na,CO3 (3
equiv.), respectively. The resulting mixture was stirred overnight at 83 °C, after which it was
concentrated under reduced pressure to remove DME and extracted with DCM. The organic
extract was concentrated under reduced pressure and the crude product was purified by flash
chromatography on silica in EtOAc/hexanes to yield the pure product.

General procedure 7: Decarboxylative Cross-Coupling—To a stirred solution of
the bromo/iodo-heteroarene (1 equiv.) in anhydrous DME/H,0 (4:1, 1 mL/mmol) were
added tetrakis(triphenylphosphine)palladium (5 mol%), 2-butynoic acid (1.1 equiv.) and
Na,COg3 (3 equiv.). The resulting mixture was stirred for 4 h at 83 °C, after which it was
concentrated under reduced pressure to remove DME, the reaction mixture extracted with
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DCM. The organic extract was concentrated under reduced pressure and the crude product
was purified by flash chromatography on silica in EtOAc/hexanes to yield the pure product.

ethyl 2-ethynylthiazole-4-carboxylate (22): The titled compound was synthesized
according to the general procedure 5 to obtain (22) as a brown solid (160 mg, 86%). 1H
NMR (600 MHz, CDCl3) 6 8.21 (s, 1H), 4.48 — 4.43 (m, 2H), 3.53 (s, 1H), 1.45-1.41 (m,
3H). 13C NMR (151 MHz, CDCl5) 6 160.73, 148.13, 147.65, 128.76, 83.38, 75.65, 61.81,
14.31. HRMS (ESI+) calcd for CgHgNO,S [M+H]* 182.0275, found 182.0276.

2-ethynylthiazole-4-carboxylic acid (6): The titled compound was synthesized according
to the general procedure 1 to obtain (6) as a brown solid (1.5 g, 98%). Spectroscopic data
was consistent with those reported previously.52

2-ethynyl-N-(4-methoxyphenyl)thiazole-5-carboxamide (8): The titled compound was
synthesized according to the general procedure 2 to obtain (8) as a yellow solid (78 mg,
52%). 1H NMR (600 MHz, CDCl3) 6 9.05 (s, 1H), 8.24 (s, 1H), 7.69 — 7.57 (m, 2H), 6.99 —
6.88 (m, 2H), 3.84 (s, 3H), 3.58 (s, 1H). 13C NMR (151 MHz, CDCl3) & 157.8, 156.7, 150.7,
147.4,130.6, 125.6, 121.5, 114.3, 83.4, 75.6, 55.5. HRMS (ESI+) calcd for C13H11N20,S
[M+H]* 259.0541, found 259.0541. 93% HPLC purity.

2-ethynyl-N-phenylthiazole-5-carboxamide (9): The titled compound was synthesized
according to the general procedure 2 to obtain (9) as a yellow solid (70.3 mg, 46%). 1H
NMR (600 MHz, CDCl3) & 9.15 (s, 1H), 8.26 (s, 1H), 7.73 (dd, J= 8.5, 0.9 Hz, 2H),

7.42 - 7.38 (m, 2H), 7.20 — 7.17 (m, 1H), 3.61 (s, 1H). 13C NMR (151 MHz, CDCl5) &
158.0, 150.7, 147.4, 137.5, 129.1, 125.8, 124.7, 119.9, 83.5, 75.6. HRMS (ESI+) calcd for
C12HgN,0OS [M+H]* 229.0435, found 229.0430. 96% HPLC purity.

N-(4-chlorophenyl)-2-ethynylthiazole-5-carboxamide (10): The titled compound was
synthesized according to the general procedure 2 to obtain (10) as a yellow solid (88.5

mg, 59%). 1H NMR (600 MHz, CDCl5) & 9.15 (s, 1H), 8.26 (s, 1H), 7.71 - 7.67 (m, 2H),
7.37-7.33 (m, 2H), 3.62 (s, 1H). 13C NMR (151 MHz, CDCl3) & 157.9, 150.2, 147.4,
136.0, 129.6, 129.2, 126.0, 121.1, 83.6, 75.5. HRMS (ESI+) calcd for C1,HgCIN,0S [M+H]
*+263.0045, found 262.9987. >99% HPLC purity.

2-bromothiazole-4-carbaldehyde (11): To a stirred solution of oxalyl chloride (3.4 mL,
39 mmol, 1.1 equiv.) in anhydrous DCM (72 mL) under nitrogen atmosphere at =75 °C
was added a solution of dimethyl sulfoxide (5.6 ml, 79.4 mmol, 2.2 equiv.) in anhydrous
DCM (18 mL). The resulting mixture was stirred at =75 °C for 30 min, after which a
solution of (2-bromothiazol-4-yl)methanol (S10) (7 g, 36 mmol, 1 equiv.) in anhydrous
DCM (36 mL) was added, stirred at =75 °C for additional 2 h. Then triethylamine (25
mL, 180 mmol, 5 equiv.) was added to the reaction mixture. The resulting solution was
stirred at room temperature for 1 h, after which it was diluted with sat. solution of NaHCOs.
It was extracted with EtOAc and the organic layer was dried over anhydrous NaySQOy,
filtered and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica in EtOAc/hexanes to yield (11) as white solid (6.7 g, 97%).
Spectroscopic data was consistent with those reported previously.53
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methyl (E)-3-(2-bromothiazol-4-yl)acrylate (13): To a stirred solution of triphenyl
phosphine (2.3 g, 9 mmol, 1.05 equiv.) in EtOAc (14 mL) was slowly added a solution

of bromomethyl acetate (1.3 g, 8.5 mmol, 1 equiv.) in EtOAc (2.5 mL). The resulting
mixture was stirred at room temperature for 12 h. The precipitated white solid was collected
by filtration, washed with Et,0 and air-dried overnight. It was resuspended in 1 N NaOH
(16 mL) and stirred for 20 min, at which point DCM was added. The organic layer was
washed with brine, dried over anhydrous Na,SOy, filtered and concentrated under reduced
pressure to provide the corresponding ylide, which was used in the next step without
further purification. The synthesized ylide (12) (9 mmol) was added to a stirring solution

of 2-bromothiazole-4-carbaldehyde (11) (1.7 g, 9 mmol, 1 equiv.) in THF (52 mL) at room
temperature and the mixture was stirred at this temperature for 12 h. It was treated with
brine and extracted with DCM. The organic extract was dried over anhydrous NaySQOy,
filtered and concentrated under reduced pressure. The crude product was purified by silica
gel chromatography in EtOAc/hexanes to yield (13) as a white solid (1.5 g, 90%). 1H NMR
(600 MHz, CDClI3) 6§ 7.53 (d, J=15.5 Hz, 1H), 7.37 (s, 1H), 6.77 (d, /= 15.5 Hz, 1H), 3.82
(s, 3H). 13C NMR (151 MHz, CDCl3) & 167.3, 152.0, 137.3, 135.0, 124.6, 121.4, 51.9.

Methyl (E)-3-(2-ethynylthiazol-5-yDacrylate (S1): The titled compound was synthesized
according to the general procedure 5 to obtain (S1) as a brown solid (412 mg, 83%). 1H
NMR (600 MHz, CDCl5) & 7.60 (d, J= 15.6 Hz, 1H), 7.46 (s, 1H), 6.84 (d, /= 15.6 Hz,
1H), 3.82 (s, 3H), 3.54 (s, 1H). 13C NMR (151 MHz, CDCl5) § 167.4, 152.1, 148.2, 135.4,
122.8, 121.6, 83.0, 76.0, 51.9.

(E)-3-(2-ethynylthiazol-5-ylacrylic acid (14): The titled compound was synthesized
according to the general procedure 1 to obtain (14) as a brown solid (395.5 mg, 96%).

1H NMR (600 MHz, DMSO-dg) & 12.56 (s, 1H), 8.21 (s, 1H), 7.57 (t, J= 14.8 Hz, 1H), 6.56
(d, J=15.6 Hz, 1H), 5.05 (s, 1H). 13C NMR (151 MHz, DMSO-dg) 6 167.8, 151.7, 148.1,
136.0, 125.9, 122.1, 87.3, 76.7.

(E)-N-(4-chlorophenyl)-3-(2-ethynylthiazol-5-yl)acrylamide (16): The titled compound
was synthesized according to the general procedure 2 to obtain (16) as a yellow solid (71
mg, 48%). 'H NMR (600 MHz, Acetone-dg) 6 9.60 (s, 1H), 7.97 (s, 1H), 7.84 (dd, /= 9.3,
2.4 Hz, 2H), 7.65 (d, J=15.1 Hz, 1H), 7.39 — 7.35 (m, 2H), 7.11 (d, J= 15.1 Hz, 1H),

4.41 (s, 1H). 13C NMR (151 MHz, Acetone-dg) & 163.50, 152.9, 147.7, 138.2, 132.4, 128.5,
127.8, 125.0, 123.4, 120.6, 83.6, 75.9. HRMS (ESI+) calcd for C14H1oCIN,OS [M+H]*
289.0202, found 289.0222. 95% HPLC purity.

ethyl 2-vinylthiazole-4-carboxylate (18): The titled compound was synthesized according
to the general procedure 6 to obtain (18) as a brown oil (90 mg, 90%). The spectroscopic
data was consistent with those reported previously.54

ethyl 2-(prop-1-yn-1-yl)thiazole-4-carboxylate (20): The titled compound was
synthesized according to the general procedure 7 to obtain (20) as a brown solid (79.2
mg, 79%). 1H NMR (600 MHz, CDCls) 6 8.11 (s, 1H), 4.44 (q, J= 7.1 Hz, 2H), 2.13 (s,
3H), 1.42 (t, J= 7.1 Hz, 3H). 13C NMR (151 MHz, CDCl3) & 161.0, 149.6, 147.1, 127.6,
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93.3, 72.9, 61.5, 14.3, 4.6. HRMS (ESI+) calcd for CgH1gNO,S [M+H]* 196.0432, found
196.0449.

ethyl 2-(phenylethynyl)thiazole-4-carboxylate (24): The titled compound was synthesized
according to the general procedure 5 to obtain (24) as a yellow solid (630 mg, 63%). 1H
NMR (600 MHz, CDCl3) 6 8.22 (s, 1H), 7.61 (dt, /= 8.4, 1.8 Hz, 2H), 7.46 — 7.39 (m, 3H),
4.48 (q, J= 7.1 Hz, 2H), 1.45 (t, J= 7.1 Hz, 3H). 13C NMR (151 MHz, CDCl3) 6 161.0,
149.4,147.8, 132.1, 129.9, 128.6, 128.5, 121.0, 95.0, 81.7, 61.7, 14.3. HRMS (ESI+) calcd
for C14H1oNO,S [M+H]* 258.0588, found 258.0576.

2,2’-diselanediyldianiline (26): To a stirred solution of 2-iodoaniline (25) (4.4 g, 20 mmol,
1 equiv.) in anhydrous THF (80 mL) under nitrogen atmosphere at =75 °C was added
n-butyllithium (24 mL of a 2.5 M solution in hexanes, 60 mmol, 3 equiv.). The resulting
mixture was stirred at —=75 °C for 1 h. The cooling bath was removed and selenium powder
(1.58 g, 20 mmol, 1 equiv.) was added to the reaction mixture while a stream of nitrogen gas
was passed through it. The reaction mixture was stirred at room temperature for 1 h, after
which it was diluted with sat. solution of NH4CI and stirred for 2 h. It was extracted with
EtOAcC and the organic layer was dried over anhydrous Na,SOy, filtered and concentrated
under reduced pressure. The crude product was purified by flash chromatography on silica in
EtOAc/hexanes to yield (26) as an orange oil (5.1, 74%). Spectroscopic data was consistent
with those reported previously.32

benzo[d][1,3]selenazole (27): To sealed microwave vial containing a stirred solution of
2,2’-diselanediyldianiline (26) (135 mg, 0.4 mmol, 1 equiv.) in anhydrous toluene (3 mL)
under nitrogen atmosphere, at room temperature was added n-tributylphosphine (0.23 mL,
0.9 mmol, 3 equiv.) and stirred for 5 min. Formic acid (0.03, ml 0.6 mmol, 1.5 equiv.) was
added and the resulting mixture was heated in the microwave synthesizer for 2 h at 100 °C.
It was diluted with sat. NaHCO3 solution and extracted with DCM. The organic extract was
dried over anhydrous Na,SQy, filtered and concentrated under reduced pressure. The crude
product was purified by flash chromatography on silica in EtOAc/hexanes to yield (27) as
a transparent oil (41.2 mg, 54%). Spectroscopic data was consistent with those reported
previously.32

benzo[d]thiazole (28): The titled compound was purchased from Ambeed (CAS number:
95-16-9) and used without further purification.

benzo[d]oxazole (29): The titled compound was purchased from Ambeed (CAS number
273-53-0) and used without further purification.

1-methyl-1H-benzo[d]imidazole (30): The titled compound was purchased from Ambeed
(CAS number 1632-83-3) and used without further purification.

2-iodo-1-methyl-1H-benzo[d]imidazole (31): The titled compound was synthesized
according to the general procedure 3 to obtain (31) as a yellow solid (487.2 mg, 86%).
Spectroscopic data was consistent with those reported previously.33
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2-bromo-1-methyl-1H-benzo[d]imidazole (32): The titled compound was synthesized
according to the general procedure 4 to obtain (32) as a brown solid (87.6mg, 73%).
Spectroscopic data was consistent with those reported previously.33

2-iodobenzo[d]oxazole (33): The titled compound was synthesized according to the general
procedure 3 to obtain (33) as a yellow solid (608 mg, 76%). Spectroscopic data was
consistent with those reported previously.33

2-bromobenzo[d]oxazole (34): The titled compound was synthesized according to the
general procedure 4 to obtain (34) as a brown solid (300 mg, 46%) Spectroscopic data was
consistent with those reported previously.33

2-iodobenzo[d]thiazole (35): The titled compound was synthesized according to the
general procedure 3 to obtain (35) as a yellow solid (189 mg, 94%). Spectroscopic data
was consistent with those reported previously.33 98% HPLC purity.

2-bromobenzo[d]thiazole (36): The titled compound was synthesized according to the
general procedure 4 to obtain (36) as a yellow solid (145 mg, 96%) Spectroscopic data was
consistent with those reported previously.33

2-iodobenzo[d][1,3]selenazole (37): The titled compound was synthesized according to the
general procedure 3 to obtain (37) as a yellow oil (17.4 mg, 87%). IH NMR (600 MHz,
CDCl3) 6 8.11 (dd, /= 8.1, 0.8 Hz, 1H), 7.92 (dd, J= 8.0, 0.8 Hz, 1H), 7.46 — 7.42 (m,

1H), 7.39 - 7.35 (m, 1H). 13C NMR (600 MHz, CDCl5) & 155.6, 142.8, 126.5, 125.9, 124.2,
124.0, 103.2. HRMS (ESI+) calcd for C;H5INSe [M+H]* 309.8631, found 309.8669.

2-bromobenzo[d][1,3]selenazole (38): The titled compound has been synthesized
according to the general procedure 4 which yields (38) as a transparent oil (15 mg, 71%).
IH NMR (600 MHz, CDCl5) & 8.07 — 8.04 (m, 1H), 7.87 — 7.85 (m, 1H), 7.50 — 7.45 (m,
1H), 7.40 - 7.36 (m, 1H). 13C NMR (151 MHz, CDCls3) 6 153.5, 141.0, 137.9, 126.7, 126.0,
124.5, 124.3. HRMS (ESI+) calcd for C;HsBrNSe [M+H]* 261.8770, found 261.8773.

1-methyl-2-vinyl-1H-benzo[d]imidazole (39): The titled compound was synthesized
according to the general procedure 6 to obtain (39) as a yellow oil (351 mg, 72%).
Spectroscopic data was consistent with those reported previously.5® 95% HPLC purity.

2-vinylbenzo[d]oxazole (40): The titled compound was synthesized according to the
general procedure 6 to obtain (40) as a brown oil (231 mg, 66%). Spectroscopic data was
consistent with those reported previously.%6

2-vinylbenzo[d]thiazole (41): The titled compound was synthesized according to the
general procedure 6 to obtain (41) as a brown oil (87 mg, 87%). Spectroscopic data was
consistent with those reported previously.%”

2-(methylselanyl)aniline (S2): To a degassed stirred solution of 2,2’-diselanediyldianiline
(26) (2 g, 6 mmol, 1 equiv.) in anhydrous THF (140 mL) under nitrogen atmosphere were
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added NaBH,4 (0.68 g, 18 mmol, 3 equiv.) and MeOH (1.2 mL, 30 mmol, 5 equiv.). The
resulting mixture was stirred at room temperature for 1 h. lodomethane (0.8 mL, 12 mmol, 2
equiv.) was then added. The reaction mixture was stirred for an additional 1.5 h, after which
it was diluted with brine and extracted with EtOAc. The organic extract was dried over
anhydrous NaySQy, filtered, and concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica in DCM/hexanes to yield (S2) as a brown oil
(1.8 g, 88%). The spectroscopic data was consistent with those reported previously.34

2-vinylbenzo[d][1,3]selenazole (42): To a stirred solution of 2-(methylselanyl) aniline
(S2) (500 mg, 2.7 mmol, 1 equiv.) in anhydrous DCM (7 mL) were added acryloyl

chloride (0.23 mL, 3.24 mmol, 1.2 equiv.) and triethylamine (0.75 mL, 5.4 mmol, 2 equiv.).
The resulting mixture was stirred at room temperature for 30 min, after which it was
diluted with brine and extracted with DCM. The organic extract was dried over anhydrous
Na,SQy, filtered, and concentrated under reduced pressure. The resulting product N-(2-
(methylselanyl)phenyl)acrylamide was used in the next step without further purification.

To a stirred solution of N-(2-(methylselanyl)phenyl)acrylamide in anhydrous 1,4-dioxane
(40 mL) under nitrogen atmosphere were added a solution of POCI3 (1.1 mL, 10.8 mmol,

4 equiv.) and triethylamine (4.5 mL, 32.4 mmol, 12 equiv.) in 1,4-dioxane (40 mL). The
resulting mixture was stirred at 105 °C for 1 h, after which it was diluted with aqueous sat.
NaHCO3 and EtOAc. The two layers were separated, and the organic layer was dried over
anhydrous NaySQy, filtered, and concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica in EtOAc/hexanes to yield (42) as a yellow
oil (83 mg, 52% over two steps).34 1H NMR (600 MHz, CDCl3) & 8.04 (dd, J= 8.2, 0.4 Hz,
1H), 7.92 - 7.90 (m, 1H), 7.50 — 7.46 (m, 1H), 7.36 — 7.30 (m, 1H), 7.02 (dd, J=17.3, 10.6
Hz, 1H), 6.10 (d, J= 17.3 Hz, 1H), 5.84 (d, /= 10.6 Hz, 1H). 13C NMR (151 MHz, CDCl5)
§171.9,155.2,137.1, 134.3, 126.4, 125.8, 124.8, 124.5. HRMS (ESI+) calcd for CoHgNSe
[M+H]* 209.9821, found 209.9845.

2-ethynyl-1-methyl-1H-benzo[d]imidazole (43): The titled compound was synthesized
according to the general procedure 5 to obtain (43) as a brown solid (273 mg, 56%).
Spectroscopic data was consistent with those reported previously.58 98% HPLC purity.

2-ethynylbenzo[d]oxazole (44): The titled compound was synthesized according to the
general procedure 5 to obtain (44) as a brown solid (40.3 mg, 35%). Spectroscopic data was
consistent with those reported previously.5? >99% HPLC purity.

2-ethynylbenzo[d]thiazole (45): The titled compound was synthesized according to the
general procedure 5 to obtain (45) as a brown solid (80.4 mg, 67%). Spectroscopic data was
consistent with those reported previously.®® 90% HPLC purity.

2-(prop-1-yn-1-yl)benzo[d]thiazole (46): The titled compound was synthesized according
to the general procedure 7 to obtain (46) as a brown solid (58.1 mg, 83%). 1H NMR (600
MHz, CDCl3) 6 8.06 — 8.03 (m, 1H), 7.86 — 7.84 (m, 1H), 7.52 (ddd, /= 7.2, 5.3, 1.2

Hz, 1H), 7.46 — 7.43 (m, 1H), 2.20 (s, 3H). 13C NMR (151 MHz, CDCl3) 6 152.7, 149.2,
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135.0, 126.5, 126.0, 123.5, 121.3, 94.5, 73.8, 4.7. HRMS (ESI+) calcd for C1gH7NS [M+H]
+174.0377, found 174.0377.

2-ethynylbenzo[d][1,3]selenazole (47): To a stirred solution of 2-(methylselanyl) aniline
(S2) (320 mg, 1.7 mmol, 1 equiv.) in anhydrous DCM (30 mL) were added propiolic

acid (0.12 mL, 1.9 mmol, 1.1 equiv.), and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (520 mg, 2.7 mmol, 1.5 equiv.), respectively. The resulting mixture was
stirred at room temperature for 1.5 h, after which it was diluted with brine and

extracted with DCM. The organic layer was dried over anhydrous NaySQy, filtered and
concentrated under reduced pressure. The product N-(2-(methylselanyl)phenyl)propiolamide
was used in the next step without further purification. To a stirred solution of N-(2-
(methylselanyl)phenyl)propiolamide in anhydrous 1,4-dioxane (100 mL), under nitrogen
atmosphere a solution of POCI3 (0.67 mL, 7.2 mmol, 4 equiv.), and triethylamine (3.2

mL, 21.6 mmol, 12 equiv.) in 1,4-dioxane (100 mL) were added. The resulting mixture

was stirred at 105 °C for 1 h, after which it was diluted with aqueous sat. NaHCO3

solution and extracted with EtOAc. The organic extract was dried over anhydrous Na,SOy,
filtered and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica in EtOAc/hexanes to yield (47) as a brown oil (22 mg, 7%) over
two steps.34 IH NMR (600 MHz, CDCl3) & 8.16 (d, /= 8.2 Hz, 1H), 7.93 (d, J= 8.0 Hz,
1H), 7.55 - 7.52 (m, 1H), 7.42 (ddd, /= 7.2, 2.0, 1.0 Hz, 1H), 3.81 (s, 1H). 13C NMR (151
MHz, CDCl3) & 154.2, 150.4, 139.3, 126.9, 126.6, 125.6, 124.7, 85.6, 79.3. HRMS (ESI+)
calcd for CgHgNSe [M+H]* 207.9665, found 207.9734.

2-ethynylbenzo[d][1,3]selenazole (47-a): The titled compound was synthesized according
to the general procedure 5 to obtain (47-A) as a brown solid (75 mg, 71 %). Spectroscopic
data was consistent with previous (vide supra) method (47).

2-ethynyl-4-phenylthiazole (48): The titled compound was synthesized according to the
general procedure 5 to obtain (48) as a yellow solid (152.5 mg, 65%). 1H NMR (600 MHz,
CDCl3) § 7.95-7.93 (m, 2H), 7.51 (s, 1H), 7.47 — 7.44 (m, 2H), 7.40 — 7.37 (m, 1H), 3.54
(s, 1H). 13C NMR (151 MHz, CDCl5) & 156.3, 147.3, 133.6, 128.8, 128.6, 126.6, 114.8,
82.3, 76.6. HRMS (ESI+) calcd for C11HgNS [M+H]* 186.0377, found 186.0403.

2-bromo-4-vinylthiazole (49): To a stirred solution of 2-bromothiazole-4-carbaldehyde
(11) (292.03 mg, 1 mmol, 1 equiv.) and methyltriphenylphosphonium bromide (535.5 g, 1.5
mmol, 1.5 equiv.) in DCM (5 mL) was added dropwise a solution of NaOH (2 mL of 50%
solution in H»0). The resulting biphasic mixture was stirred at room temperature for 2 h and
partitioned between DCM and brine. The organic layer was dried over anhydrous Nay;SQOy,
filtered and concentrated under reduced pressure. The crude product mixture was separated
on silica in EtOAc/hexanes, to yield (49) as a yellow oil (15 mg, 11%). 1H NMR (600 MHz,
CDCl3) 6 7.05 (s, 1H), 6.64 (dd, J = 17.2, 10.8 Hz, 1H), 6.11 — 6.07 (m, 1H), 5.42 (dd, J =
10.8, 1.3 Hz, 1H). 13C NMR (151 MHz, CDCl5) 6 154.6, 136.1, 128.6, 118.5, 117.8. HRMS
(ESI+) calcd for CsHsBrNS [M+H]* 189.9326, found 189.0838.
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4-methylbenzenesulfonyl azide (S4): To a stirred solution of tosyl chloride (S3) (8.0 g,
42.0 mmol, 1.0 equiv.) in acetone/ H,O (1:1, 240 mL), was added NaN3 (3 g, 46 mmol, 1.2
equiv.). The resulting mixture was stirred at 0 °C for 2 h, after which it was concentrated
under reduced pressure. The reaction mixture was partitioned between Et,O and brine. The
two layers were separated, and the organic layer was dried over anhydrous Na,SOy, filtered,
and concentrated under reduced pressure to yield (S4) as a colorless oil (8 g, 97%). It was
handled with special care as it is potentially explosive material. Spectroscopic data was
consistent with those reported previously.3°

dimethyl (1-diazo-2-oxopropyl)phosphonate (50): To a stirred solution of dimethyl (2-
oxopropyl)phosphonate (S5) (1.66 g, 10 mmol, 1 equiv.) in anhydrous MeCN (20 mL),

were added tosyl azide (2.4 g, 12 mmol, 1.2 equiv.) and K,CO3 (2.1 g, 15 mmol, 1.5

equiv.). The resulting mixture was stirred overnight at room temperature, after which it was
filtered on celite and washed with EtOAc. The organic layer was concentrated under reduced
pressure. The crude product mixture was separated on silica in EtOAc/hexanes to yield

the pure product (50) (1.6 g, 83%). Spectroscopic data was consistent with those reported
previously.3°

2-bromo-4-ethynylthiazole (51): To a stirred solution of 2-bromothiazole-4-carbaldehyde
(11) (8 g, 4.3 mmol, 1 equiv.) in anhydrous MeOH (20 mL) were added dimethyl (1-diazo-2-
oxopropyl) phosphonate (50) (1, g, 5.2 mmol, 1.2 equiv.), and K,CO3 (1.6 g, 5.2 mmol,
1.2 equiv.). The resulting mixture was stirred at room temperature overnight after which

it was concentrated under reduced pressure. The reaction mixture was then diluted with
brine and extracted with DCM. The organic layer was dried over anhydrous Na;SOy,,
filtered and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica in EtOAc/hexanes to yield (51) as brown solid (281 mg, 34%).
1H NMR (600 MHz, CDCls3) & 7.47 (s, 1H), 3.16 (s, 1H). 13C NMR (151 MHz, CDCls)
§136.9, 135.7, 127.4, 78.5, 76.3. HRMS (ESI+) calcd for CsH3BrNS [M+H]* 187.9169,
found 187.9198. >99% HPLC purity.

ethyl 5-bromo-2-iodothiazole-4-carboxylate (53): To a stirred solution of ethyl 2-
amino-5-bromothiazole-4-carboxylate (52) (12 g, 48 mmol, 1 equiv.) in phosphoric acid
(100 mL) and nitric acid (100 mL) was added dropwise at 0 °C, an aqueous solution of
NaNO, (80 mL of a 1.38 M solution in H,O, 58 mmol, 1.2 equiv.). The resulting mixture
was stirred at 0 °C for 1 h. KI (32 g, 192 mmol, 4 equiv.) was added and the reaction
mixture was allowed to warm to room temperature gradually (1-2 h), after which it was
diluted with aqueous sat. Na,S,03, aqueous sat. NaHCOg3, brine and extracted with EtOAc
each time respectively. The combined organic extract was dried over anhydrous NaySQOgy,
filtered and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica in DCM/hexanes to yield (53) as a yellow solid (7.4 g, 61%).
Spectroscopic data was consistent with those reported previously.”0

ethyl 5-bromo-2-(4-fluorophenyl)thiazole-4-carboxylate (55): The titled compound was
synthesized according to the general procedure 6 to obtain (55) as a pure product (243.3 mg,
67%). IH NMR (600 MHz, CDCl3) & 7.94 — 7.91 (m, 2H), 7.19 - 7.15 (m, 2H), 4.49 (q, J
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= 7.1 Hz, 2H), 1.47 (t, J= 7.1 Hz, 3H). 13C NMR (151 MHz, CDCl5) 6 166.6, 164.4 (d, J =
252.4 Hz), 161.1, 144.4, 128.7(d, J = 8.7 Hz), 128.6 (d, J = 3.3 Hz), 116.3 (d, J = 22.2 Hz),
116.3, 61.9, 14.3.

ethyl 2-(4-fluorophenyl)-5-vinylthiazole-4-carboxylate (56): The titled compound was
synthesized according to the general procedure 6 to obtain (56) as a yellow solid (144 mg,
89%). 1H NMR (600 MHz, CDCl3) 6 7.99 — 7.97 (m, 2H), 7.70 (dd, J= 17.4, 10.9 Hz,
1H), 7.18 - 7.14 (m, 2H), 5.77 (d, J=17.4 Hz, 1H), 5.53 (d, /= 11.0 Hz, 1H), 4.48 (q,
J=7.1Hz, 2H), 1.47 (t, J= 7.1 Hz, 3H). 13C NMR (151 MHz, CDCl3) & 164.3, (d, J =
251.7 Hz), 163.3, 162.3, 145.5, 141.7, 129.1 (d, J = 3.3 Hz), 128.9 (d, J = 8.6 Hz), 127.5,
121.0, 116.1 (d, J = 22.1 Hz), 61.6, 14.3. HRMS (ESI+) calcd for C14H13FNO,S [M+H]*
278.0651, found 278.0663.

ethyl 5-ethynyl-2-(4-fluorophenyl)thiazole-4-carboxylate (57): The titled compound was
synthesized according to the general procedure 5 to obtain (57) as a brown solid (67.1 mg,
85%). IH NMR (600 MHz, CDCl3) & 8.00 — 7.97 (m, 2H), 7.20 — 7.15 (m, 2H), 4.50 (q,
J=7.2 Hz, 2H), 3.89 (s, 1H), 1.47 (t, J= 7.1 Hz, 3H). 13C NMR (151 MHz, CDCl3) &
165.8, 164.6 (d, J = 252.6 Hz), 160.9, 149.1, 129.1 (d, J = 8.8 Hz), 128.6 (d, J = 3.4 Hz),
124.1,116.3 (d, J = 22.2 Hz), 90.5, 73.0, 61.9, 14.3. HRMS (ESI+) calcd for C14H11FNO,S
[M+H]* 276.0494, found 276.0506. 95% HPLC purity.

2-ethynylthiazole (58): The titled compound was synthesized according to the general
procedure 5 to obtain (58) as a brown oil (270 mg, 27%). Spectroscopic data was consistent
with those reported previously.’?

thiazole-2-carbonitrile (59): The titled compound was purchased from Ambeed (CAS
number 1452-16-0) and used without further purification.

2-(2-aminophenyl)propan-2-ol (S7): To a stirred solution of 1-(2-aminophenyl)ethan-1-
one (S6) (2.7 g, 20 mmol, 1 equiv.) in anhydrous THF (150 mL) under nitrogen atmosphere
at 0 °C, was added a solution of methylmagnesium chloride ( 20 mL of 3 M solution in
THF, 60 mmol, 3 equiv.). The resulting mixture was stirred overnight at room temperature,
after which it was diluted with brine and extracted with EtoOAc. The organic layer was
dried over anhydrous Na,SQy, filtered and concentrated under reduced pressure. The crude
product was purified by flash chromatography on silica in EtOAc/DCM to yield the (S7)
(2.3 g, 77%). Spectroscopic data was consistent with those reported previously.16

4.,4-dimethyl-2-(prop-1-yn-1-yl)-4H-benzo[d][1,3]oxazine (1): To a stirred solution of
2-butynoic acid (168 mg, 2 mmol, 1 equiv.) in anhydrous DCM (5 mL) were added N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (575 mg, 3 mmol, 1.5 equiv.),
and 2-(2-aminophenyl) propan-2-ol (S7) (302 mg, 2mmol, 1 equiv.). The resulting mixture
was stirred at room temperature for 2 h, after which it was diluted with brine and extracted
with EtOAc. The organic layer was dried over anhydrous Na,SQy, filtered and concentrated
under reduced pressure. The product N-(2-(2-hydroxypropan-2-yl)phenyl)but-2-ynamide
(S9) was used in the next step without further purification. To a stirred solution of
N-(2-(2-hydroxypropan-2-yl)phenyl)but-2-ynamide in anhydrous DCM (5 mL) was added
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methanesulfonic acid (0.65 mL, 10 mmol, 5 equiv.) under nitrogen atmosphere. The
resulting mixture was stirred at 45 °C for 1 h, after which it was diluted with aqueous

sat. NaHCOg3, brine and extracted with EtOAc. The organic layer was dried over anhydrous
NaySQy, filtered and concentrated under reduced pressure. The crude product was purified
by flash chromatography on silica in EtOAc/hexanes to yield (1) as a yellow solid (110 mg,
55% over two steps). Spectroscopic data was consistent with those reported previously.16

2-ethynyl-4,4-dimethyl-4H-benzo[d][1,3]oxazine (2): To a stirred solution of 2-propynoic
acid (140 mg, 2 mmol, 1 equiv.) in anhydrous DCM (5 mL) were added N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (575 mg, 3 mmol, 1.5 equiv.),
and 2-(2-aminophenyl) propan-2-ol (S7) (302 mg, 2 mmol, 1 equiv.). The resulting mixture
was stirred at room temperature for 2 h, after which it was diluted with brine and extracted
with EtOAc. The organic layer was dried over anhydrous Na,SQy, filtered and concentrated
under reduced pressure. The product N-(2-(2-hydroxypropan-2-yl)phenyl)propiolamide
(S8) was used in the next step without further purification. To a stirred solution of
N-(2-(2-hydroxypropan-2-yl)phenyl)propiolamide in anhydrous DCM (5 mL) was added
methanesulfonic acid (0.65 mL, 10 mmol, 5 equiv.) under nitrogen atmosphere. The
resulting mixture was stirred at 45 °C for 1 h, after which it was diluted with aqueous

sat. NaHCOg3 solution, brine and extracted with EtOAc. The organic extract was dried over
anhydrous NaySOy, filtered and concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica in EtOAc/hexanes to yield (2) as a brown
solid (167 mg, 45%. over two steps). Spectroscopic data was consistent with those reported
previously.16

2-ethynylpyridine (60): The titled compound was purchased from Ambeed (CAS number
1945-84-2) and used without further purification.

2-ethynylpyrimidine (61): The titled compound was purchased from Ambeed (CAS
number 37972-24-0) and used without further purification.

(2-bromothiazol-4-yl)methanol (S10): To stirred solution of ethyl 2-bromothiazole-4-
carboxylate (5) (3 g, 12.7 mml, 1 equiv.) in THF (60 mL) were added sodium borohydride,
(1.4 g, 38 mmol, 3 equiv.), lithium chloride (1.6 g, 38 mmol, 3 equiv.) and H,O (15 mL).
The resulting mixture was stirred at room temperature for 2 h, after which was diluted with
1 M HCI and extracted with EtOAc. The organic layer was dried over anhydrous Nay;SQOy,
filtered and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica in EtOAc/hexanes to yield (S10) as a brown oil (2.8 mg, 95%).
Spectroscopic data was consistent with those reported previously.’2

1-(2-bromothiazol-4-yl)hexane-1,4-dione (S13): To a stirred solution of 2-
bromothiazole-4-carbaldehyde (11) (192 mg, 1 mmol, 1 equiv.) in anhydrous THF (5 mL)
were added thiazolium, 3-ethyl-5-(hydroxymethyl)-4-methyl-, bromide (S12) (20 mg, 0.08
mmol, 8 mol%), triethylamine (0.044 mL, 0.32 mmol, 8 mol%), and ethyl vinyl ketone
(S11) (0.1 mL, 1 mmol, 1 equiv.). The resulting mixture was stirred at 70 °C for 2 h, after
which it was concentrated under reduced pressure. The reaction mixture was then diluted
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with brine and extracted with DCM. The organic layer was dried over anhydrous Na;SOy,
filtered and concentrated under reduced pressure. The crude product was purified by column
chromatography on neutralized silica in DCM/hexanes to yield (S13) as white solid (151
mg, 80%). 1H NMR (600 MHz, CDCl5) 6 8.09 (s, 1H), 3.38 — 3.34 (m, 2H), 2.88 — 2.84

(m, 2H), 2.55 (q, /= 7.3 Hz, 2H), 1.10 (t, /= 7.3 Hz, 3H). 13C NMR (151 MHz, CDCl3) 6
209.7,192.6, 154.1, 136.1, 128.6, 35.9, 35.6, 34.0, 7.8.

3-(2-bromothiazol-4-yl)-2-methylcyclopent-2-en-1-one (S14): To a stirred solution of
1-(2-bromothiazol-4-yl)hexane-1,4-dione (S13) (3.8 g, 13.8 mmol, 1 equiv.) in ethanol (200
mL) was added sodium hydroxide (1.5 g, 41. mmol, 3 equiv.). The resulting mixture was
stirred at room temperature for 3 h, after which it was concentrated under reduced pressure.
The reaction mixture was then extracted with DCM. The organic layer was dried over
anhydrous NaySQy, filtered and concentrated under reduced pressure to yield (S14) as pure
yellow solid. TH NMR (600 MHz, CDCl3) & 7.58 (s, 1H), 2.97 (m, 2H), 2.58 — 2.55 (m, 2H),
2.14 (t, J= 2.1 Hz, 3H). 13C NMR (151 MHz, CDCl5) 6 209.7, 156.7, 152.7, 137.6, 136.2,
123.4,33.7, 27.8, 10.1.

3-(2-ethynylthiazol-4-yl)-2-methylcyclopent-2-en-1-one (S15): The titled compound was
synthesized according to the general procedure 5 to obtain (S15) as a brown solid (3 g,
85%). 1H NMR (600 MHz, CDCl3) & 7.67 (s, 1H), 3.57 (s, 1H), 3.05 — 3.01 (m, 2H), 2.59 —
2.56 (m, 2H), 2.16 (t, /= 2.0 Hz, 3H). 13C NMR (151 MHz, CDCls3) 6 209.9, 157.4, 152.9,
147.3,137.7,121.7,83.1, 76.1, 33.7, 28.1, 10.2.

3-(2-ethynylthiazol-4-yl)-2-methyl-N-(prop-2-yn-1-yl)cyclopent-2-en-1-amine (64): Toa
stirred solution of 3-(2-ethynylthiazol-4-yl)-2-methylcyclopent-2-en-1-one (S15) (150 mg,
0.73 mmol, 1 equiv.) in anhydrous THF (10mL) under nitrogen atmosphere was added
titanium (1V) isopropoxide (0.22 mL, 0.73 mmol, 1 equiv.) and the mixture was stirred for
15 min. Propargyl amine (0.1 mL, 1.5 mmol, 2 equiv.) was added and the reaction mixture
was stirred at room temperature for additional 2 h, after which NaBH,4 (30 mg, 0.8 mmol,
1.1 equiv.) and MeOH (0.3 mL, 10 mmol, 10 equiv.) were added at 0 °C. The resulting
mixture was stirred at room temperature for 1 h. It was then diluted with aqueous sat.
NaHCO3 and extracted with EtOAc. The organic layer was dried over anhydrous Na,;SOy,
filtered and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica in EtOAc/DCM to yield (64) as a brown oil (90.3 mg, 60% brsm).
1H NMR (600 MHz, MeOD-dy) & 7.44 (s, 1H), 4.01 (t, /= 6.3 Hz, 1H), 3.50 — 3.39 (m, 2H),
3.33 (s, 1H), 2.84 (dddd, J=15.6, 8.8, 4.3, 2.0 Hz, 1H), 2.75 - 2.67 (m, 1H), 2.64 (t, /=

2.5 Hz, 1H), 2.28 - 2.21 (m, 1H), 2.11 (d, /= 1.0 Hz, 3H), 1.78 (ddt, /= 13.2, 9.0, 5.7 Hz,
1H). 13C NMR (151 MHz, MeOD-d,) 6 153.6, 146.7, 138.5, 130.6, 117.6, 82.9, 80.9, 71.7,
67.3, 34.4, 32.9, 27.8, 12.5. HRMS (ESI+) calcd for C14H15N5S [M+H]* 243.0955, found
243.1093.

2-ethynyl-N-(prop-2-yn-1-yl)thiazole-4-carboxamide (65): The titled compound was
synthesized according to the general procedure 2 to obtain (65) as a white solid (140.5

mg, 46%). 1H NMR (600 MHz, CDCl5) 6 8.18 (s, 1H), 7.49 (s, 1H), 4.26 (dd, /=5.5, 2.6
Hz, 2H), 3.56 (s, 1H), 2.29 (t, J= 2.6 Hz, 1H). 13C NMR (151 MHz, CDCl5) & 159.8, 149.9,
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147.5,125.6, 83.2, 79.0, 75.6, 71.9, 29.1. HRMS (ESI+) calcd for CgH7N,0S [M+H]*
191.0279, found 191.0275. 98% HPLC purity.

2-bromothiazole-4-carboxylic acid (S17): The titled compound was synthesized according
to the general procedure 1 to obtain (S17) as a white solid (2 g, 99%). 1H NMR (600 MHz,
DMSO-dg) 6 13.33 (s, 1H), 8.47 (s, 1H). 13C NMR (151 MHz, DMSO-dg) & 161.4, 147.6,
137.1, 133.6.

2-(phenylethynyl)thiazole-4-carboxylic acid (S18): The titled compound was synthesized
according to the general procedure 1 to obtain (S18) as a yellow solid (633.41 mg, 97%). 1H
NMR (600 MHz, DMSO-dg) 6 8.58 (s, 1H), 7.70 — 7.67 (m, 2H), 7.55 — 7.49 (m, 3H). 13C
NMR (151 MHz, DMSO-dg) 6 162.0, 148.4, 148.1, 132.3, 131.3, 130.9, 129.5, 120.5, 94.4,
82.2.

2-(phenylethynyl)-N-(prop-2-yn-1-yl)thiazole-4-carboxamide (66): The titled compound
was synthesized according to the general procedure 2 to obtain (66) as a yellow solid (355.3
mg, 62%). IH NMR (600 MHz, CDCl3) 6 8.19 (s, 1H), 7.65 — 7.62 (m, 2H), 7.55 (s, 1H),
7.48 — 7.41 (m, 3H), 4.28 (dd, J=5.5, 2.6 Hz, 2H), 2.29 (t, J= 2.5 Hz, 1H). 13C NMR (151
MHz, CDClI3) 6 160.0, 149.9, 148.8, 132.1, 130.0, 128.6, 125.3, 120.8, 95.0, 81.3, 79.0,
71.8, 29.1. HRMS (ESI+) calcd for C15H11No,OS [M+H]* 267.0592, found 267.0596. >99%
HPLC purity.

2-bromo-N-(prop-2-yn-1-yDthiazole-4-carboxamide (67): The titled compound was
synthesized according to the general procedure 2 to obtain (67) as a white solid (96.0 mg,
64%). IH NMR (600 MHz, CDCl3) 6 8.10 (s, 1H), 7.39 (s, 1H), 4.26 (dd, J= 5.6, 2.6 Hz,
2H), 2.30 (t, J= 2.5 Hz, 1H). 13C NMR (151 MHz, CDCls) 6 159.2, 149.3, 136.1, 127.4,
78.9, 72.0, 29.1. HRMS (ESI+) calcd for C7HgBrN,OS [M+H]* 244.9384, found 244.9380.
92% HPLC purity.

N-(prop-2-yn-1-yl)thiazole-4-carboxamide (68): The titled compound was synthesized
according to the general procedure 2 to obtain (68) as a brown solid (265 mg, 53%). 1H
NMR (600 MHz, CDClsg) 6§ 8.77 (d, J= 2.1 Hz, 1H), 8.20 (d, /= 2.1 Hz, 1H), 7.62 (s, 1H),
4.26 (dd, J= 5.6, 2.6 Hz, 2H), 2.28 (t, /= 2.6 Hz, 1H). 13C NMR (151 MHz, CDCl3) &
160.5, 152.9, 150.5, 123.7, 79.3, 71.7, 29.0. HRMS (ESI+) calcd for C;H7N,0S [M+H]*
167.0279, found 167.0426.

(4-(bis(4-chlorophenyl)methyl)piperazin-1-yl)(5-methyl-4-nitroisoxazol-3-
yl)methanone(ML-210): The titled compound was purchased from Cayman
Chemical Company (CAS number 1360705-96-9) and used without further purification.

(4-(bis(4-chlorophenyl)methyl)piperazin-1-yl)(2-ethynylthiazol-4-yl)methanone (BCP-
T. A): The titled compound was synthesized according to the general procedure 2 to obtain
(BCP-T. A) as a white solid (62 mg, 44%). IH NMR (600 MHz, CDCl3) 6 7.97 (s, 1H), 7.34
(d, J=8.5Hz, 4H), 7.28 (d, J= 8.5 Hz, 4H), 4.25 (s, 1H), 3.94 (s, 2H), 3.80 (s, 2H), 3.50 (s,
1H), 2.45 (d, J= 28.5 Hz, 4H). 13C NMR (151 MHz, CDCl3) 6 161.5, 151.2, 146.4, 140.2,

J Med Chem. Author manuscript; available in PMC 2023 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karaj et al.

Page 28

133.1, 129.1, 129.0, 126.8, 82.8, 76.0, 74.5, 52.2, 51.5, 47.2, 42.9. HRMS (ESI+) calcd for
Ca3H20CloN3OS [M+H]* 456.0704, found 456.0691. 95% HPLC purity.

1-(4-(bis(4-chlorophenyl)methyl)piperazin-1-yl)-2-chloroethan-1-one (BCP-C. A): The
titled compound was synthesized according to the general procedure 2 to obtain (BCP-C. A)
as a transparent waxy solid (120 mg, 97%). 1H NMR (600 MHz, CDCl3) & 7.34 (d, /= 8.5
Hz, 4H), 7.29 (d, J= 8.2 Hz, 4H), 4.24 (s, 1H), 4.05 (s, 2H), 3.67 — 3.62 (m, 2H), 3.57 - 3.50
(m, 2H), 2.47 — 2.35 (m, 4H). 13C NMR (151 MHz, CDCl5) 6 165.0, 140.0, 133.2, 129.0,
74.4,51.7,51.2,46.4,42.2, 40.8.

1-(4-(bis(4-chlorophenyl)methyl)piperazin-1-yl)prop-2-yn-1-one (BCP-P. A): The titled
compound was synthesized according to the general procedure 2 to obtain (BCP-P. A) as a
white solid (52 mg, 45%). 1H NMR (600 MHz, CDCl3) & 7.34 — 7.32 (m, 4H), 7.30 - 7.28
(m, 4H), 4.25 (s, 1H), 3.81 - 3.76 (m, 2H), 3.68 — 3.63 (m, 2H), 3.11 (s, 1H), 2.45 — 2.36 (m,
4H). 13C NMR (151 MHz, CDCl3) 6 151.7, 140.0, 133.2, 129.0, 79.3, 75.3, 74.4, 51.8, 51.1,
47.0, 41.5.

2-((trimethylsilyl)ethynyl)thiazole-4-carbaldehyde (S19): The titled compound was
synthesized according to the general procedure 5 to obtain (S19) as a pure product (485mg,
70%). 1H NMR (600 MHz, CDCl3) & 10.04 (s, 1H), 8.16 (s, 1H), 0.30 (s, 9H). 13C NMR
(151 MHz, CDCl3) & 184.5, 154.7, 149.6, 127,3, 103.0, 95.3, -0.6.

N-((2-ethynylthiazol-4-yl)methyl)prop-2-yn-1-amine (S20): To a stirred solution of
2-((trimethylsilyl)ethynyl)thiazole-4-carbaldehyde (S19) (137 mg, 1 mmol, 1 equiv.) in
anhydrous THF (10 mL) under nitrogen atmosphere was added titanium (1V) isopropoxide
(0.3 mL, 1 mmol, 1 equiv.) and the mixture stirred for 15 min. Propargyl amine (0.13 mL,
2 mmol, 2 equiv.) was added and the mixture stirred at room temperature for additional 2
h, after which NaBH4 (41 mg, 1.1 mmol, 1.1 equiv.) and MeOH (0.4 mL, 10 mmol, 10
equiv.) were added at 0 °C. The resulting mixture was stirred at room temperature for 1 h.
It was diluted with aqueous sat. NaHCO3 and extracted with EtOAc. The organic layer was
dried over anhydrous Na,SQy, filtered and concentrated under reduced pressure. The crude
product was purified by flash chromatography on silica in EtOAc/DCM to yield (S20) as a
brown oil (24.66 mg, 18%). 1H NMR (600 MHz, CDCl3) & 7.21 (s, 1H), 4.03 (d, J = 0.7 Hz,
2H), 3.49 — 3.47 (m, 3H), 2.26 (t, J = 2.4 Hz, 1H). 13C NMR (151 MHz, CDCl3) 6 155.9,
147.6,117.3,82.1,81.5,76.4,71.9, 47.9, 37.6.

TAMRA-PEG3-N3: To a stirred solution of TAMRA-acid (0.86 gr, 2 mmol) in anhydrous
DMF (6 mL) were added HATU (0.76 gr, 2 mmol, 1 equiv.), DIPEA (1.74 mL, 10 mmol, 5
equiv.) and NH»-PEG3-N3 (2.20 gr, 10 mmol, 5 equiv.). The resulting mixture was stirred
at r.t for 2 h, at which point most of the DMF was removed under reduced pressure.

The resulting crude mixture was diluted with brine and DCM. The organic layer was
collected and washed with aqueous solutions in the following order 1 M HCI followed

by sat. NaHCO3 and brine. After the last wash the organic layer was collected dried over
Na,SQy, filtered and concentrated under reduced pressure. The crude mixture was purified
on silica gel chromatography in H,O/MeCN (H,0 0->15%). The fractions which contained
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the desired product where collected and condensed under reduced pressure. Then they were
dissolved in MeOH/DCM (10% MeOH) and filtered to remove any collected silica. The
filtrate was collected and condensed under reduced pressure to yield TAMRA-PEG3-N3 as
dark purple solid (0.82 g, 65% yield). 1H NMR (600 MHz, MeOD-d,) & 8.17 (d, /= 8.2

Hz, 1H), 8.12 (dd, J= 8.2, 1.7 Hz, 1H), 7.77 (d, /= 1.5 Hz, 1H), 7.25 (d, /= 9.5 Hz, 2H),
6.99 (dd, /=9.5, 2.4 Hz, 2H), 6.87 (d, J= 2.4 Hz, 2H), 3.68 — 3.56 (m, 14H), 3.35 - 3.32
(m, 2H), 3.25 (s, 12H). 13C NMR (151 MHz, MeOD-d,) 6 170.7, 167.2, 160.2, 157.5, 157.1,
142.7,135.0, 132.8, 131.3, 129.7, 128.3, 128.1, 113.6, 113.5, 96.0, 70.2, 70.2, 70.1, 69.9,
69.7, 69.1, 50.3, 39.8, 39.5.

2-(6-(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-4-(((2-ethynylthiazol-4-
yl)methyl)(prop-2-yn-1-yl)carbamoyl)benzoate (S21): The titled compound

was synthesized according to the general procedure 2 to obtain (S21)

as a purple fluorescent solid, which was identified by HRMS (ESI+)

caled for C34Hp9N404S [M+H]* 589.1909, found 589.1909.

methyl 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate
(S22): To a stirred solution of 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-
d]imidazol-4-yl)pentanoic acid (biotin) (1 g, 4.1 mmol, 1 equiv.) in methanol (20 mL) was
added thionyl chloride (2 mL, 20 mmol, 5 equiv.) at 0 °C. The resulting mixture was allowed
to warm up to room temperature and stirred overnight. It was concentrated under reduced
pressure, diluted with aqueous sat. NaHCO3 and extracted with DCM. The organic extract
was dried over anhydrous NaySOy, filtered and concentrated under reduced pressure to yield
(S22) as a white solid (970 mg, 94%). 1H NMR (600 MHz, DMSO-dg) & 6.45 (s, 1H), 6.38
(s, 1H), 4.34 — 4.28 (m, 1H), 4.16 — 4.10 (m, 1H), 3.59 (s, 3H), 3.10 (dt, /= 8.6, 6.1 Hz, 1H),
2.83 (dd, /=12.4,5.1 Hz, 1H), 2.58 (d, /= 12.4 Hz, 1H), 2.31 (dd, J=15.5, 8.1 Hz, 2H),
1.65—1.27 (m, 6H). 13C NMR (151 MHz, DMSO-dg) 6 173.8, 163.2, 61.5, 59.6, 55.8, 51.7,
33.6,28.5,28.4, 24.9.

benzo[d]thiazol-2-yl trifluoromethanesulfonate (S24): To a stirred solution of
benzothiazolone (S23) (152 mg, 1 mmol, 1 equiv.) in anhydrous DCM (5 mL) under
nitrogen atmosphere at =75 °C were added triethylamine (0.3 mL, 2 mmol, 2 equiv.) and
trifluoromethanesulfonic anhydride (0.25 mL, 1.5 mmol, 1.5 equiv.). The resulting mixture
was stirred at =75 °C for 10 min, and an additional 40 min at room temperature, after

which it was diluted with brine and extracted with DCM. The organic layer was dried over
anhydrous NaySQy, filtered and concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica in EtOAc/hexanes to yield (S24) as a gray oil
(203 mg, 72%). Spectroscopic data was consistent with those reported previously.”3

2,4-bis(4-fluorophenyl)thiazole (S26): The titled compound was synthesized according to
the general procedure 6 to obtain (S26) as a white solid (1.1 g, 67%). 1H NMR (600 MHz,
CDCl3) 6 8.06 — 8.03 (m, 2H), 8.00 — 7.97 (m, 2H), 7.42 (s, 1H), 7.20 — 7.13 (m, 4H). 13C
NMR (151 MHz, CDCl3) & 166.8, 163.9 (d, J= 250.5 Hz), 162.8 (d, J= 247.6 Hz), 155.3,
130.7 (d, J= 3.2 Hz), 130.0 (d, J= 3.3 Hz), 128.5 (d, J= 8.4 Hz), 128.2 (d, J= 8.2 Hz),
116.0 (d, J= 22.1 Hz), 115.7 (d, J= 21.6 Hz) 112.1.
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5-bromo-2,4-bis(4-fluorophenylthiazole (S27): To a stirred solution of 2,4-bis(4-
fluorophenyl)thiazole (S26) (273 mg, 1 mmol, 1.0 equiv.) in THF (5 mL), was added
N-bromosuccinimide (195.7mg, 1.1 mmol, 1.1 equiv.). The resulting mixture was stirred
overnight at room temperature, after which it was concentrated under reduced pressure.

It was diluted with brine and extracted with DCM. The organic extract was dried over
anhydrous NaySQy, filtered and concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica in EtOAc/hexanes to yield (S27) as yellow
solid (260.2 mg, 95%). *H NMR (600 MHz, CDCl5) 6 8.04 — 8.01 (m, 2H), 7.96 — 7.90 (m,
2H), 7.22 — 7.14 (m, 4H). 13C NMR (151 MHz, CDCl3) 6 166.1, 164.1 (d, J= 251.4 Hz),
162.8 (d, /=248.8 Hz), 152.3, 130.5 (d, J= 8.3 Hz), 129.5 (d, /= 3.2 Hz), 129.3 (d, /= 3.3
Hz), 128.3 (d, /= 8.6 Hz), 116.2 (d, J= 22.2 Hz), 115.3 (d, /= 21.6 Hz), 103.0.

2,4-bis(4-fluorophenyl)-5-vinylthiazole (S28): The titled compound was synthesized
according to the general procedure 6 to obtain (S28) as a yellow solid (844 mg, 84%).

IH NMR (600 MHz, CDCls) 6 8.02 — 7.97 (m, 2H), 7.71 — 7.66 (m, 2H), 7.20 — 7.13 (m,
4H), 6.90 (dd, J=17.2, 10.9 Hz, 1H), 5.64 (d, J = 17.2 Hz, 1H), 5.35 (d, J = 10.9 Hz, 1H).
13C NMR (151 MHz, CDCl3) 6 164.17 (d, J = 204.5 Hz), 163.2, 162.76 (d, J = 248.1 Hz),
152.1, 132.4,131.00 (d, J = 8.2 Hz), 130.82 (d, J = 3.2 Hz), 129.80 (d, J = 3.2 Hz), 128.51
(d, J=8.5Hz), 127.4, 117.5, 116.06 (d, J = 22.1 Hz), 115.45 (d, J = 6.5 Hz). HRMS (ESI+)
caled for C17H12FoNS [M+H]* 300.0658, found 300.0655.

5-ethynyl-2,4-bis(4-fluorophenyl)thiazole (S29): The titled compound was synthesized
according to the general procedure 5 to obtain (S29) as a brown solid (1.3 g, 63%). IH NMR
(600 MHz, CDCls3) & 8.33 — 8.29 (m, 2H), 8.02 — 7.97 (m, 2H), 7.20 — 7.15 (m, 4H), 3.72 (s,
1H). 13C NMR (151 MHz, CDCls) 6 165.3, 164.3 (d, J= 251.7 Hz), 163.0 (d, /= 249.2 Hz),
157.1, 130.1 (d, J= 3.2 Hz), 129.9 (d, /= 8.3 Hz), 129.3 (d, J= 3.3 Hz), 128.7 (d, /= 8.6
Hz), 116.2 (d, J=22.2 Hz), 115.4 (d, J = 21.6 Hz), 110.9, 87.23, 75.24. HRMS (ESI+) calcd
for C17H19F2NS [M+H]* 298.0502, found 298.0518.

Ethyl(R,E)-2-(2-((2-((tert-butoxycarbonyl)amino)-3-methoxy-3-
oxopropyl)thio)vinyl)thiazole-4-carboxylate (S30): To

a stirred solution of ethyl 2-ethynylthiazole-4-

carboxylate (22) (100 mg, 0.55 mmol, 1.0 equiv.) in MeCN (5 mL) were added AN-
Boc-L-cysteine methyl ester (1.3 g, 5.5 mmol, 10 equiv.), and 1,4-diazabicyclo[2.2.2]octane
(61.6 mg, 0.55 mmol, 1 equiv.). The resulting mixture was stirred at room

temperature overnight, after which it was concentrated under reduced pressure. The residue
was partitioned between brine and DCM. The two layers were separated, and the organic
layer was dried over anhydrous Na,SQy, filtered, and concentrated under reduced pressure.
The precipitated solid product was collected by filtration, filtered, washed with hexanes

to yield (S30) (207 mg, 91%). 'H NMR (600 MHz, CDCl5) 6 8.01 —8.01 (m, 1H), 7.26

(d, J=15.5 Hz, 1H), 6.75 (d, /= 15.5 Hz, 1H), 4.69 (d, /= 6.5 Hz, 1H), 4.43 (q, /= 7.1 Hz,
2H), 3.80 (s, 3H), 3.34 (m, 2H), 1.45 (s, 9H), 1.42 (t, J= 7.1 Hz, 3H). 13C NMR (151 MHz,
CDCl3) 6 170.6, 166.0, 161.4, 155.0, 147.5, 134.9, 125.7, 119.3, 80.5, 61.5, 53.3, 52.9, 35.6,
28.3, 14.4. HRMS (ESI+) calcd. for C17H5N206S, [M+H]* 417.1154, found 417.1156.
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(2-Ethynylthiazol-5-yl)(morpholino)methanone (76): The titled compound was
synthesized according to the general procedure 2 to obtain (76) as a yellow solid (56 mg,
56%). IH NMR (600 MHz, DMSO-dg) & 8.26 (s, 1H), 5.04 (s, 1H), 3.64 (d, J= 8.0 Hz, 6H),
3.35 (s, 2H). 13C NMR (151 MHz, DMSO-dg) 6 161.8, 150.5, 146.7, 127.4, 87.2, 76.4, 66.8,
66.5,47.7,42.9.

(4-ethylpiperazin-1-yl)(2-ethynylthiazol-5-yl)methanone (S75): The titled compound
was synthesized according to the general procedure 2 to obtain (75) as a yellow oil (40

mg, 42%). 1H NMR (600 MHz, Acetone-dg) & 8.12 (s, 1H), 4.40 (s, 1H), 3.75 (d, /= 46.9
Hz, 4H), 2.51 - 2.39 (m, 6H), 1.07 (t, J= 7.2 Hz, 3H). 13C NMR (151 MHz, Acetone-dg) &
161.2,151.6, 146.3, 126.0, 83.9, 75.9, 53.1, 52.4, 51.8, 46.8, 42.3, 11.5.

(2-ethynylthiazol-5-yl)(4-(4-fluorophenyl)piperazin-1-yl)methanone(72): The titled
compound was synthesized according to the general procedure 2 to obtain (72) as a yellow
solid (45 mg, 43%). 1H NMR (600 MHz, CDCl5) & 8.06 (s, 1H), 7.05—7.01 (m, J= 4.8
Hz, 4H), 4.11 (dd, J=55.1, 48.0 Hz,4H), 3.54 (s, 1H), 3.19 (dd, J= 21.8, 16.6 Hz, 4H). 13C
NMR (151 MHz, CDCl3) 6 161.5, 151.0, 146.6, 129.2, 118.4, 115.9, 82.9, 76.0, 50.6, 49.4,
454, 39.8.

(2-Ethynylthiazol-5-yl)(4-(4-(trifluoromethyl)phenyl)piperazin-1-yl)methanone

(73): The titled compound was synthesized according to the general procedure 2 to obtain
(S34) as a yellow solid (57 mg, 57%). 1H NMR (600 MHz, CDCls) & 8.08 (s, 1H), 7.53 (d, J
=8.9 Hz, 2H), 6.98 (d, J= 8.7 Hz, 2H), 4.08 (m, 4H), 3.55 (s, 1H), 3.39 (m, 4H). 13C NMR
(151 MHz, CDCl3) & 161.5, 152.8, 150.9, 146.6, 127.6, 126.6 (g, J = 3.6 Hz), 124.6 (d,J =
270.8 Hz), 121.5 (g, J = 32.6 Hz), 115.1, 83.0, 76.0, 48.8, 48.2, 46.6, 42.6.

(4-(4-chlorophenyl)piperazin-1-yl)(2-ethynylthiazol-5-yl)methanone (74): The titled
compound was synthesized according to the general procedure 2 to obtain (S35) as a yellow
solid (65 mg, 66%). 1H NMR (600 MHz, CDCl5) & 8.06 (s, 1H), 7.26 (d, J= 8.9 Hz, 2H),
6.92 (s, 2H), 4.07 (m, 4H), 3.54 (s, 1H), 3.26 (d, J= 20.7 Hz, 4H). 13C NMR (151 MHz,
CDCl3) 6 161.5, 151.0 146.6, 129.2, 127.4, 118.0 82.9, 76.0, 50.2, 49.6, 46.8, 42.6.

(E)-1-(4-(4-chlorophenyl)piperazin-1-yl)-3-(2-ethynylthiazol-5-yl)prop-2-en-1-one
(S31): The titled compound was synthesized according to the general procedure 2 to obtain
(S31) as a yellow solid (93 mg, 62%). 1H NMR (600 MHz, Acetone-dg) & 7.95 (s, 1H), 7.59
(d, J=14.9 Hz, 1H), 7.42 (d, J=15.0 Hz, 1H), 7.28 — 7.25 (m, 2H), 7.06 — 7.02 (m, 2H),
4.41 (s, 1H), 3.87 (m, 4H), 3.27 (m, 4H). 13C NMR (151 MHz, Acetone-d4) 6 164.1, 153.1,
150.2,147.7, 133.4, 128.8, 123.9, 122.7, 120.9, 117.6, 84.0, 76.1, 49.5, 48.7, 45.3, 41.6.

(E)-1-(4-(bis(4-chlorophenyl)methyl)piperazin-1-yl)-3-(2-ethynylthiazol-5-yl)prop-2-
en-1-one (78): The titled compound was synthesized according to the general

procedure 2 to obtain (78) as a yellow solid (93 mg, 62%).1H NMR (600

MHz, Acetone-dg) 6 7.90 (s, 1H), 7.56 — 7.52 (m, 5H), 7.37 (dd, J=

8.8, 2.2 Hz, 4H), 7.33 (d, J=14.9 Hz, 1H), 4.46 (s, 1H), 4.39 (s,

1H), 3.74 (m, 4H), 2.45 (m, 4H). 13C NMR (151 MHz, Acetone-dg) & 164.0, 153.0, 147.6,
141.3,133.2, 132.4, 129.5, 128.6, 122.6, 120.9, 83.9, 76.1, 73.8, 52.2, 51.4, 45.5, 41.8.
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(2-ethynylthiazol-5-yl)(piperidin-1-yl)methanone (77): The titled compound was
synthesized according to the general procedure 2 to obtain (S38) as a yellow oil (100 mg,
59%). IH NMR (600 MHz, CDCl3) & 7.84 (s, 1H), 3.70 — 3.65 (m, 5H), 3.52 (s, 1H), 1.68
—1.62 (m, 5H). 13C NMR (151 MHz, CDCl5) 6 161.9, 151.6, 146.3, 125.3, 82.6, 76.1, 48.3,
43.8, 26.6, 25.6.

GSH addition Kinetic experiment by NMR spectroscopy: Two stock solutions (stock

A and stock B) in DMSO-dg were prepared as follows: Stock A contained a heterocyclic
compound with final concentration of 6 mM. Stock B contained, DABCO (14 mg) as base
and DMF (33 pL) as internal standard with final concentration of 124.8 mM, and 426.2
mM respectively, in 1 mL of DMSO-dg. NMR experiments were carried out by vortexing
690 pL of a heterocycle compound stock A with 10 pL of stock B in an NMR tube,
affording a final heterocycle compound concentration of 6 mM in a total volume of ~700
uL. A-Boc-L-cysteine methyl ester (9.88 mg, 6.9 UL, 42 mmol, 10 equiv.) was added and
the mixture was vortexed to ensure the homogeneity of the NMR solution. Acquisition of 1H
NMR data was started immediately after the addition of the A-Boc-L-cysteine methyl ester.
The time for the completion of the first 1H spectrum was recorded and included in the final
half-life calculations. The rest of the spectra were recorded at standard time intervals.16

D-Biotin-Kinetic experiment based on NMR: Two stock solutions (stock A and stock

B) in DMSO-dg were prepared as follows: stock A contained ethyl 2-ethynylthiazole-4-
carboxylate (22) with final concentration of 6 mM, and DABCO (4.7 mg, 42 mmol, 10
equiv.). Stock B contained DMF (33 pL), as internal standard with final concentration of
426.2 mM in 1 mL of DMSO-dg. NMR experiments were carried out by vortexing 690

uL of ethyl 2-ethynylthiazole-4-carboxylate and DABCO solution with 10 uL of DMF
stock solution, affording ethyl 2-ethynylthiazole-4-carboxylate with final concentration of 6
mM in a total volume of 700 pL. After that methyl 5-((3aS,4S,6aR)-2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl)pentanoate (S22) (1.1 mg, 4.2 mmol, 1 equiv.) was added,
vortexed to ensure the homogeneity of the NMR solution. Acquisition of 1H NMR data
was started immediately. The time for the completion of the first 1H spectrum was recorded
and included in the final half-life calculations. The rest of the spectra were recorded at
standard time intervals.

Cell Culture and Cell Viability Assays.—All tested cell lines were maintained in
Dulbecco’s Modified Eagle’s medium (Mediatech, Inc.) supplemented with 10% fetal
bovine serum (Gemini Bio-Products # 100-106) and 1000 U/ml of both Penicillin and
Streptomycin (Mediatech, Inc.) at 37 °C with 5% CO,. Cell viability was assessed using
methylene blue staining: cells were plated at 5000/well in 96 well plates (h=3) and treated
the next day. Three days after treatment, cells were fixed/stained in methylene blue saturated
in 50% ethanol for 30 min at RT. Plates were washed with excess water to wash off extra
dye. Retained dye was dissolved in 0.1N HCI and absorbance was measured at 668 nm.

Incubation timesq (ITsg) assay.—NCI-H522 cells (5*10° cells/well) were plated on 96
well plates (n=3) and let overnight to adhere. The next day, cells were treated with the
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corresponding compounds or DMSO. Then the first set of wells were washed immediately
after treatment, while the rest were washed after 30 min time points, for a total of 6 h. The
last wells were not washed. Cells were fixed/stained in methylene blue saturated in 50%
ethanol for 30 min at RT. Plates were washed with excess water to wash off extra dye.
Retained dye was dissolved in 0.1N HCI and absorbance was measured at 668 nm. Note, this
process can affect cells, thus it is important to convert each data point as a % survival of the
corresponding DMSO treatment.

Liproxstatin-1 rescue experiments.—NCI-H522 cells (25*103 cells/well) were plated
on 24 well plates (n=3) and let overnight to adhere. The next day cells were treated with the
corresponding inhibitors in the presence (0.25 uM) or absence of Liproxstatin-1. Three days
after treatment, cells were fixed/stained in methylene blue saturated in 50% ethanol for 30
min at RT. Plates were washed with excess water to wash off extra dye. Retained dye was
dissolved in 0.1N HCI and absorbance was measured at 668 nm.

C11-BODIPY lipid peroxidation assay.—NCI-H522 cells ("70% density) were plated
on 7cm dishes and let overnight to adhere. The next day cells were treated with DMSO or
Inhibitors (corresponding concentration). Bodipy 581/591 C11 (1 uM) (ThermoFischer) was
added at the time of treatment. After the corresponding time of treatment (3 h or 6 h), cells
were washed with 1xPBS and collected by trypsinization and centrifugation. The cells were
washed once with 1xPBS and resuspended in PBS containing 2% FBS. Cells were analyzed
using a BD LSR Fortessa FACScanner and FlowJo software. Preferably 20*102 cells were
analyzed unless accelerated cell death occurred.

Western blotting.—NCI-H522 cell pellets obtained after the corresponding treatment
conditions were lysed using lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NacCl,
0.5% NP-40, (supplemented with 1 pg/ml aprotinin, 2 pg/ml leupeptin, 1 ug/ml pepstatin
A, 1mM DTT, and 0.1 M PMSF) for 30 minutes on ice and centrifuged at 13*103 g

for 25 minutes at 4 °C. The protein levels of the lysates obtained were normalized using
BCA Protein Assay Kit (Pierce) and separated by SDS-polyacrylamide gel electrophoresis
(12.5% acrylamide). Transfer to polyvinylidene difluoride membranes (Millipore) was
followed by blocking of membranes with blocking buffer containing 5% (w/v) non-fat

dry milk dissolved in PBST [1X PBS containing 0.05% (v/v) Tween 20] for 1 hour at
room temperature. Membranes were then incubated with corresponding primary antibodies
overnight at 4 °C. The membranes were then washed (3 X 15 min each) with PBST and
incubated with secondary antibodies conjugated to horse-radish peroxidase, obtained from
Biorad and used at a dilution of 1:10,000. Bound antibodies were detected using enhanced
chemiluminescence (Biorad).

Fluorescent Labeling using TAMRA-PEG3-N3.—NCI-H522 cells (770% density)
were plated on 6 cm dishes and left overnight to adhere. The next day, the cells were

treated with probe (65) (10 mM) or control (66) (10 mM) for 1 h at 37 °C. Then cells

were washed with 1xPBS, collected and lysed using lysis buffer containing 50 mM Tris (pH
7.4), 150 mM NacCl, 0.5% NP-40, (supplemented with 1 ug/ml aprotinin, 2 pg/ml leupeptin,
1 ug/ml pepstatin A, and 0.1 M PMSF) for 30 minutes on ice and centrifuged at 13*10°2 g for
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25 minutes at 4 °C. The protein levels of the lysates obtained were normalized to 2 mg/mL
using BCA Protein Assay Kit (Pierce). Then the normalized lysates were subjected to
CUuAAC as follows. To each 50 pL of lysate (2 mg/mL), the following reagents were added;
100 pL of 1xPBS, 2 pL of TAMRA-PEG3-N3 (stock: 1 mM in DMSO), 10 pL of THPTA
(stock: 100 mM in H»0), 10 uL of CuSQO4-5-H»0 (stock: 20 mM in H,0) and last, to initiate
the reaction, 10 pL of sodium ascorbate (stock: 300 mM in H,0). The reaction mixtures
were vortexed briefly after the addition of each reagent, covered with aluminum foil and

left react for 30 min at room temperature. After the completion of the reaction, 40 L of

5X loading buffer was added to stop the reaction. The samples were boiled for 7 min and
separated by SDS-polyacrylamide gel electrophoresis (12.5% acrylamide). After completion
of gel electrophoresis, gels were stored into fixing solution (50% H,0, 40% MeOH and
10% AcOH), until visualization by Biorad imager ChemiDoc MP. During electrophoresis,
the gel should be run long enough for unreacted TAMRA-PEG3-N3 and loading dye to be
not visible on the gel. Or else, the gel area with TAMRA-PEG3-N3 and loading dye should
either be removed, or the gel washed with fixing solution multiple times till clean image is
obtained. After fluorescence visualization, each gel was stained with Coomassie staining to
ensure equal protein loading.

Fluorescent Labeling using TAMRA-PEG3-N3 and competition.—For the
competition experiments, similar protocol was followed with the modification that cells are
first treated with the competitors (corresponding concentrations) and then with probe (65).

Pulldown experiments using Biotin-TAMRA for proteomic analysis.—NCI-H522
cells ("70% density) were plated on 10 cm dishes (5x per treatment) and let overnight to
adhere. The next day, the cells were treated with probe (65) (10 mM) or control (66) (10
mM) for 1 h at 37 °C. Then cells were washed with 1xPBS, collected and lysed using lysis
buffer containing 50 mM Tris (pH 7.4), 150 mM NacCl, 0.5% NP-40, (supplemented with 1
ug/ml aprotinin, 2 ug/ml leupeptin, 1 ug/ml pepstatin A, and 0.1 M PMSF) for 30 minutes
on ice and centrifuged at 13*103 g for 25 minutes at 4 °C. The protein levels of the lysates
obtained were normalized using BCA Protein Assay Kit (Pierce). Then to each sample,
prewashed streptavidin magnetic beads (20 uL) were added and the samples were rotated at
4 °C for 2 h. Then lysates were collected using magnetic separation rack and subjected to
CuAAC as follows: For each 50 pL of lysate, the following reagents were added; 100 pL

of 1xPBS, 2 L of TAMRA-PEG3-N3 (stock: 1 mM in DMSO), 10 uL of THPTA (stock:
100 mM in H,0), 10 pL of CuSO4-5-H,0 (stock: 20 mM in H,0) and finally, to initiate

the reaction, 10 pL of sodium ascorbate (stock: 300 mM in H,O). The reaction mixtures
were vortexed briefly after the addition of each reagent, covered with aluminum foil and left
react for 30 min at room temperature. After the completion of the reaction, proteins were
precipitated using MeOH: CHClg, the resulting protein pellets were centrifuged, washed
with MeOH (3x) and left to air-dry for 20 min. Each of the samples was resuspended in 1
mL RIPA buffer and sonicated for 30 sec. Then, prewashed streptavidin magnetic beads (50
uL) were added and rotated at 4 °C for overnight. At that point, beads were collected using
magnetic rack and washed (3x 1 mL) with RIPA buffer. Beads were resuspended in 40 pL
RIPA and 10 pL loading buffer and boiled for 10 min. Then beads were centrifuged, 15 pL
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of the supernatant was analyzed by in-gel fluorescence as described above. The rest (35 uL)
was sent for LC-MS/MS analysis.

LC-MS/MS analysis.—Proteomic analysis was perfomed by MS-Bioworks as follows:
Half of each sample was processed by SDS-PAGE using 10% Bis-Tris NuPage Mini-gel
(Invitrogen) with the MES buffer system. The gel was run 1cm and the mobility region
excised into 10 equally sized bands. Each band was processed by in-gel digestion with
trypsin using a robot (ProGest, DigiLab) with the following protocol: Washed with 25mM
ammonium bicarbonate followed by acetonitrile. Reduced with 10mM dithiothreitol at 60°C
followed by alkylation with 50 mM iodoacetamide at RT. Digested with sequencing grade
trypsin (Promega) at 37°C for 4h. Quenched with formic acid and the supernatant was
analyzed directly without further processing. Half of the digested sample was analyzed

by nano LC-MS/MS with a Waters M-Class HPLC system interfaced to a ThermoFisher
Fusion Lumos mass spectrometer. Peptides were loaded on a trapping column and eluted
over a 75um analytical column at 350 nL/min; both columns were packed with Luna

C18 resin (Phenomenex). The mass spectrometer was operated in data-dependent mode,
with the Orbitrap operating at 60,000 FWHM and 15,000 FWHM for MS and MS/MS
respectively. APD was enabled and the instrument was run with a 3s cycle for MS and
MS/MS. 5hrs of instrument time was used for the analysis of each sample. Data were
searched using a local copy of Mascot (Matrix Science) with the following parameters:
Enzyme: Trypsin/P Databases: SwissProt Human (concatenated forward and reverse plus
common contaminants) Fixed modifications: Carbamidomethyl (C) Variable modifications:
Acetyl (N-term), Deamidation (N,Q), Oxidation (M), Pyro-Glu (N-term Q) Mass values:
Monoisotopic Peptide Mass Tolerance: 10 ppm Fragment Mass Tolerance: 0.02 Da Max
Missed Cleavages: 2 Mascot DAT files were parsed into Scaffold (Proteome Software) for
validation, filtering and to create a non-redundant list per sample. Data were filtered at 1%
protein and peptide FDR and requiring at least two unique peptides per protein.

Pulldown experiments using Biotin-TAMRA for western blot analysis.—NCI-
H522 cells (770% density) were plated on 10 cm dishes (2x per treatment) and left overnight
to adhere. The next day, cells were treated with probe (65) (10 mM) or control (66) (10
mM) for 1 h at 37 °C. Then, cells were washed with 1xPBS, collected and lysed using
lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 0.5% NP-40, (supplemented
with 1 pg/ml aprotinin, 2 pug/ml leupeptin, 1 ug/ml pepstatin A, and 0.1 M PMSF) for 30
minutes on ice and centrifuged at 13*103 g for 25 minutes at 4 °C. The protein levels of
the obtained lysates were normalized using BCA Protein Assay Kit (Pierce). Then to each
sample, prewashed streptavidin magnetic beads (20 uL) were added and the samples were
rotated at 4 °C for 2 h. Then lysates were collected using magnetic separation rack and
subjected to CUAAC as follows: For each 50 pL of lysate, the following reagents were
added; 100 pL of 1xPBS, 4 puL of TAMRA-PEG3-Nj3 (stock: 1 mM in DMSO), 10 pL of
THPTA (stock: 100 mM in H,0), 10 pL of CuSO4-5-H,0 (stock: 20 mM in H,0), and last
to initiate the reaction, 10 pL of sodium ascorbate (stock: 300 mM in H,0). The reaction
mixtures were vortexed briefly after the addition of each reagent, covered with aluminum
foil and left to react for 20 min at room temperature and for 10 min at 37 °C. After the
completion of the reaction, proteins were precipitated using MeOH: CHCls, the resulting
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protein pellets were centrifuged, washed with MeOH and left to air-dry for 20 min. Each of
the samples was resuspended in 1 mL RIPA buffer and sonicated for 30 sec. Then prewashed
streptavidin magnetic beads (50 pL) and 0.5 mL of PBS were added and rotated at 4 °C for
overnight. At that point, beads were collected using magnetic rack and washed (3x 1 mL)
with RIPA buffer and (1x 1mL) PBS buffer. Beads were resuspended in 30 uL RIPA and 7.5
pL of (5x) loading buffer and boiled for 10 min. The beads were centrifuged and proteins
were separated by SDS-polyacrylamide gel electrophoresis (12.5% acrylamide). Transfer to
polyvinylidene difluoride membranes (Millipore) was followed by blocking of membranes
with blocking buffer containing 5% (w/v) non-fat dry milk dissolved in PBST [1X PBS
containing 0.05% (v/v) Tween 20] for 1 hour at room temperature. Membranes were then
incubated with corresponding primary antibodies overnight at 4 °C. The membranes were
then washed (3 X 15 min each) with PBST and incubated with secondary antibodies
conjugated to horse-radish peroxidase, obtained from Biorad and used at a dilution of
1:10,000. Bound antibodies were detected using enhanced chemiluminescence (Biorad).

Cellular thermal shift assay.—NCI-H522 cells in 6 well plates ("80% confluent) were
treated with BCP-T.A (0.5 uM) or DMSO (0.1% v/v) for 1 h. Cells were washed with
1xPBS (pH.7.4) and detached from the flask with trypsin-EDTA (0.2 mL), collected with 1
mL of FBS media and pelleted by centrifugation (2000g, 5 min). The medium was removed,
and the cell pellet was washed with 1xPBS (pH 7.4). Cells were resuspended in PBS and
aliquoted into PCR tubes. Each tube was heated to corresponding temperature between 43—
67 °C for 3 min. After cooling to ambient temperature, cells were pelleted by centrifugation
(20009, 5 min) and lysed using lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NacCl,
0.5% NP-40, (supplemented with 1 pg/ml aprotinin, 2 pg/ml leupeptin, 1 ug/ml pepstatin A,
and 0.1 M PMSF) for 30 minutes on ice and centrifuged at 13*103 g for 25 minutes at 4 °C.
The soluble fraction was diluted with 5x SDS loading buffer, heated to 95 °C for 10 min,
and subjected to SDS-PAGE and western blotting analysis.
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ABBREVIATIONS
ABPP Activity Based Protein Profiling
ADMET absorption, distribution, metabolism, excretion and toxicity
ANOVA Analysis of Variance
BCP 1-(bis(4-chlorophenyl)methyl)piperazine
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DABCO
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GST
GSTO1
HPLC
HRMS
LA
1C50
ITso
LUMO
MEFS
MW
NCI

NMR

Basic Local Alignment Search Tool
Chloroacetamide

Cellular Thermal Shift Assay
cyclooxygenase-1
Copper(l)-Catalyzed Alkyne-Azide Cycloaddition
doublet (spectral)
1,4-diazabicyclo[2.2.2]octane
dichloromethane

Density functional theory
Dimthylformamide

Dimethyl sulfoxide

electron donating group

Electrospray lonization

and others

electron withdrawing group

Food and Drug Administration
Glutathione Peroxidase 4

Glutathione S-Transferase
Glutathione S-Transferase Omega-1
High Performance Liquid Chromatography
High-Resolution Mass Spectra
lodoacetamide

half maximal inhibitory concentration
half maximal Incubation Time

Lowest Unoccupied Molecular Orbital
mouse embryonic fibroblasts
Molecular Weight

National Cancer Insitute

Nuclear Magnetic Resonance
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NSAF Normalized Spectral Abundance Factor
P.A Propiolamide
PANTHER Protein Analysis Through Evolutionary Relationships
PDB Protein Data Bank
PEG Polyethylene glycol
q quartet (spectral)

S singlet (spectral)

S. Supporting Information

SAR Structure Activity Relationship

SD Standard Deviation

SpC Spectral Count

t triplet (spectral)

TA Thiazole alkyne

ti2 Half Live

Tagg Aggregation Temperature

TAMRA Carboxytetramethylrhodamine

TCI targeted covalent inhibition

TLC Thin Layer Chromatography

TMS Trimethylsilyl

TNBC Triple-Negative Breast Cancer

TXNRD1 Thioredoxin reductase 1
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Figure 1.

The heterocyclic warhead toolbox available for the design of covalent inhibitors. (A)
Structures of some representative covalent kinase inhibitors. Typically, simple acrylamides
have been used as electrophilic warheads of these molecules. Recently, McAulay et

al.1% reported alkynyl benzoxazines (compounds 1 and 2) as potential kinase inhibitors.
(B) Structures of several classical GPX4 inhibitors. Prototypical examples of covalent
GPX4 inhibitors include RSL3 and ML162, both which have chloro-acetamide (C.A) as
electrophilic warheads. New examples include ML210 and diacylfuroxans, which act as
masked nitrile oxides (C) GPX4 active site representing the catalytic triad Se7 46, GIn81,
and Trp136. The 3D model is generated using Maestro version 13.1 and protein data bank
(PDB) entry with PDBId: 6ELW. The SeO2 residue in the original entry has been mutated
in silicoto SeH for more accurate representation. (D) Serendipitous discovery of thiazole-
based electrophilic warheads following efforts to synthesize open-chain epothilones led to
CETZOLE series of molecules. SAR studies reveal the thiazole fragment as the bioactive
moiety.
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Figure 2.
Library of heterocyclic electrophiles studied in this work. All Compounds were synthesized

as shown in schemes 1-4 and scheme S2 with the exception of compounds (30), (29), (28),
(59), (60) and (61), which were purchased from commercial sources.
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Figure 3.
LUMO energies for different benzothiazole electrophiles. The LUMO energies depend on

the nature of the electrophile as well as the nucleophilicity of lone pair of the heterocycle.
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Figure 4.
NMR Kinetic analysis of thiol addition to our designed electrophiles. Methy! ester of

N-Boc-cysteine was used as the thiol source. Reaction was facilitated by the addition of
DABCO as a base. Reactions were performed in DMSO-dg. (A) Mechanism for addition of
N-Boc-cysteine resulting in the trans-alkene. (B) Half-lives (t12) were calculated using the
NMR processing software MestReNova. A representative NMR spectrum for alkyne analog
(58) is shown. Disappearance of the terminal alkyne proton was monitored and used for

the calculation of t1, . (C) ty/, for the tested heterocycles are placed on the same axis,
which increases from left to right. Ranges of ICgq values are represented by different color
codes and increases (therefore, biological activity decreases) in the order red < pink < green
< blue. There is a correlation of t/, with bioactivity where typically the faster reacting
molecules are more potent as well. Consistent with previous reports, there is no observable
correlation of LUMO energies and t1/,.

J Med Chem. Author manuscript; available in PMC 2023 August 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Karaj et al.

A)  Day-1 Day-2
l cells adhere overnight l
Plate cells Treat cells
with drugs
B) _ "
= 100-
®
; m RSL3
5 A 45
@ 50-
]
(]
c 1 T L} 1
-2 -1 0 1 2
Log(Wash time (hr))
Figure 5:

Washings

Timeintervals 0.5 h
for a durationof 6 h

Q

Compound
RSL3

45

Page 48

Day-3
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(A) Time line of the experiment to determine ITsq. (B) wash time vs cell survival (%) of
NCI-H522 cells treated with RSL3 (0.5 pM) and 45 (2 uM) (approximately 2—3 times the
corresponding ICsps). (C) Calculated 1Tsgs. To mitigate the effects of the process on cell
proliferation, each data point is represented as % of the corresponding data point of DMSO

treated cells. Data are mean + SD (n=3).
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Figure 6.

Liproxstatin-1 (0.25 uM) rescue experiments with the cytotoxic fragments on the NCI-H522
cell line; CETZOLE-1 (10 uM), (8) (2.5 uM), (9) (1.5 uM), (10) (2.5 uM), (16) (2.5 uM),

(1)

(2 uM), (39) (4.5 uM), (33) (30 UM), (42) (20 UM), (43) (20 UM), (44) (2 UM), (45)

(2.5 UM), (47) (5 uM), (22) (10 pM), (57) (10 M), (2) (2 iM), (1) (20 uM), and (48) (15

UM).

Data are mean £ SD. (n=23) and expressed as percentage decrease relative to the value

for the control group (DMSO). Statistical analysis utilizing one-way ANOVA test *P <0.05,
**P <0.01, ***P <0.001.
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Figure 7.

Lipid peroxide levels measured by flow cytometry using C11-BODIPY dye. (A) The
benzimidazole iodo analog (31) does not increase levels of lipid peroxides. (B,C) The alkene
analogs (39) and (42) 6 h after treatment marginally increase lipid peroxide levels. (D-L)

The tested alkyne analogs led to significant increase of the lipid peroxides levels when

compared to the corresponding DMSO treatment. The concentrations of the compounds
used are: (31) (5 uM), (42) (60 uM), (39) (10 uM), (43) (40 uM), (45) (5 uM), (47) (10
HM), (1) (40 uM), (2) (5 uM), (22) (20 uM), (9) (5 UM), (8) (5 uM), (16) (5 pM). The

treatment time for figures 9A-E and 9G-1 is 6 h, while for figures 9F and 9J-L is 3h. Data
are mean £ SD. (n = 3). Statistical analysis using t-test, *P < 0.05, **P <0.01, ***P <0.001.
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Figure 8.
Protein pulldown protocol and chemical structures of compounds used for the

chemoproteomic analysis following ABPP approach. (A) Simplified cartoon representation
of the ABPP approach followed for chemoproteomic analysis of the heterocyclic warheads.
Briefly, NCI-H522 cells were treated with appropriate probes for 1 h. Cells were collected
and lysed. Then lysates were subjected to CUAAC with either TAMRA-PEG3-N3 (62) or
Biotin-TAMRA-PEG3-N3 (63) under standard click conditions. (B) Chemical structures

of the affinity and reporter tags used. (C) Library of the probes designed for the ABPP
approach. Analog (64) serves as a probe that is structurally related to the original CETZOLE
series. Probe (65) serves as the ferroptosis inducing heterocyclic fragment probe, while
probes 66—68 serve as inactive controls.
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Figure 9.

Biological evaluation of the library of designed probes. (A) Dose response graphs and ICgg

values for several probes on the NCI-H522 and HCT-116 cell lines. (B) Liproxstatin-1

rescue experiments for the active probes (64) (20 uM) and (65) (10 uM). For both probes,
their cytotoxicity can be associated with ferroptosis induction due to significant rescue by
treatment with Liproxstatin-1 (0.25 uM). Data are mean £ SD. (n=3) and are expressed as
percentage decrease relative to the value for the control group (DMSO). (C) Ferroptosis was
further confirmed by the increased levels of lipid peroxides induced by both probes (64) (20
uM) and (65) (10 uM). Data are mean = SD. (n = 3) Statistical analysis utilizing one-way

ANOVA test for figure 9B and t-test for figure 9C *P <0.05, **P <0.01, ***P <0.001.
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Figure 10.

In-gel fluorescece labeling using the library of probes and TAMRA-PEG3-N3 as a reporter
tag. (A) The CETZOLE-1 probe (64) (20 uM) and the warhead probe (65) (10 uM) show
almost identical labeling profiles, indicating that the replacement of the cyclopentenyl ring
does not alter the protein labeling profile. (B) The intensity of the bands observed with probe
(65) by in-gel fluorescence increases in a dose dependent manner. (C) The labeling of almost
all identified bands diminishes by preincubation with iodoacetamide (1.A) (0.2 and 2 mM).
(D) RSL3 (10 uM), ML162 (10 uM) show overlapping small molecule interactome. As
expected no competition was observed with erastin (20 uM). Left: optimum exposure of the
competition gel, no band is saturated. Right: long exposure ( ~2 min) of the same gel.
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Figure 11.

Pulldown experiments using the probe (65) (10 uM) and TAMRA-Biotin-Azide as an
affinity and reporter tag. Prior to Mass Spectrometry analysis, enrichment was confirmed
by analyzing 30% of the sample by in-gel fluorescence. The remaining 70% was analyzed
by LC-MS/MS at MS Bioworks. A total of 2370 proteins were identified, but only 227

met the enrichment criteria (S.1 proteomic excel file). Less than 20 stand out as the most
enriched proteins. Most of them are associated with oxidative homeostasis such as GPX4, a
key regulator in ferroptosis inhibition. Note that this data is qualitative and not quantitative,
calculated using: spectral count (SpC), molecular weight (MW) and number of pulled down
protein (N). *Enrichment criteria are: 1. Protein had at least 5 SpC in sample (65) 2. Protein
was not detected in the (66) or 3. Protein was detected with a 4-fold or more increase based
on dividing the NSAF values.
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Figure 12.

Analysis and evaluation of identified proteins from pulldown experiments. (A)

Molecular function analysis utilizing PANTHER (Protein Analysis Through Evolutionary
Relationships) software51. Most of the enriched proteins have enzymatic functions, which
was expected as these proteins were obtained through ABPP chemoproteomic analysis.

(B) Chemical structures of ABPP probes for ML-162, RSL-3 and diacylfuroxans for
which proteomic data has been previously reported’~20 and confirmed either by mass
spectroscopy or western blot analysis. The probe (65) consists of the electrophilic warhead
(red) and a terminal alkyne as a bioorthogonal handle (blue)*®, following a similar approach
as with ML-162, RSL-3 and diacylfuroxans. (C) Venn diagram for some of the proteins
enriched by probes in figure 12B shows that these molecules have in common three targets,
GPX4, GTSO1 and TXRDL1. (D) Evaluation of pulldown experiments by western blot
analysis. Probe (65) (10 uM), consistent with proteomics data, selectively enriched GPX4
and GSTOL. Western blot analysis shows that even inactive probe (66) has the ability to
interact with TXRD1, which was only marginally enriched in the proteomic data of (65).
“Long” exposures (> 20 min) for the enriched GPX4 and GTSOL proteins can be found on
figure S6. (E) CETSA for compound BCP-T.A. Analog BCP-T.A (0.5 uM) has the ability to
stabilize GPX4 protein. As a result, the aggregation temperature (Tagg) for GPX4 increases
by ~7 °C when compared to DMSO treatment. (data are mean £ SD. (n = 3)). Statistical
analysis t-test, *P <0.05, **P <0.01, ***P <0.001). (F) At the same concentration BCP-T.A
increases lipid peroxides (0.5 uM, 3 h treatment), (G) Liproxstatin-1 (0.25 uM) rescues cells
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from cytotoxicity induced by BCP-T.A (0.5 uM), indicating selective ferroptosis induction
and lack of toxicity originating from off-target effects.
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Synthesis of CETZOLE-1 analogs in which the cyclopentene ring has been replaced by

para-substituted anilines.
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Scheme 2.
Synthesis of analogs of (5) with unaltered ester functionality. Modifications were in the

steric and electronic properties of the alkyne moiety at the 2-position. Suzuki coupling
generates the terminal alkene (18). Decarboxylative cross coupling provides the propyne
analog (20). Sonogashira coupling provides the alkynes (22) and (24).
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o

Se

(26)

Synthesis of Benzo[d]heterocylces differently substituted at the 2-position with H, Br,

I, alkyne, and alkene. For the unsubstituted precursors (27-30), only the benzoselnazole
(27) was synthesized while the rest (28-30) were commercially available. They were then
converted to the corresponding Br or | analogs (31-38), which were then converted to the
alkyne or alkene analogs (39-47) by appropriate cross-coupling reaction. The corresponding
alkene and alkyne selenium analogs (42) and (47), respectively) were synthesized as shown
in scheme 3 from intermediate (26) through peptide coupling with the corresponding
carboxylate, followed by deoxygenative cyclization with POCls. In addition, a benzothiazole
analog with an OTT group at the 2 position was synthesized and tested (figure S7A and
scheme S7).
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a:vinylboronic acid pinacol ester (17), PdO. Na,C03;,DME:H,0, 4:1, 80 °C, 12 h, 90%, b:TMS-acetylene (21), Pd(ll). Et3N, Cul, DCE, 80 °C, 2 h, 85%

Scheme 4.

Synthesis of 4-and 5-substituted alkynyl analogs. For the 4-position, aldehyde (11) was
converted to alkene (49) or alkyne (51) through Wittig reaction or through Seyferth-Gilbert
homologation respectively. For the 5-substituted analogs, lack of available building blocks
with appropriate functionality at the 5 position makes the synthesis a more challenging task.
Blocking of the 2-position through a Suzuki reaction proved to be the optimum choice.
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Cl
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enhnaced cytotoxicity

TS~ Mean ICso 64—

Thiazole alkyne fragments can generate highly cytotoxic ferroptosis inducers with

low nM ICs values when incorporated onto appropriate pharmacophores. (A)

Synthesis of analogs with different electrophilic warheads incorporated into 1-(bis(4-
chlorophenyl)methyl)piperazine (BCP) pharmacophore. Conditions: a = (6) or (69),
EDC-HCI, Et3N, DCM, r.t, 12 h, 44 % for BCP-T.A, 45 % for BCP.P.A. b= (70),

Et3N, DCM, r.t, 12 h, 97 % for BCP-C.A. c=analog ML 210 with fragment (71) was
purchased. (B) Investigation of the other cyclohexyl-based pharmacophores suggests that
BCP pharmacophore is crucial for enhanced cytotoxicity. Replacement with morpholine
or piperidine moieties results in analogs with attenuated cytotoxicity. (C) Replacement of
the BCP moiety with the less basic phenyl-piperazines resulted in analogs (72—75) with
attenuated 1Cgq values (2-3 fold), but still in the low nM range. (D). Combination of
extended conjugation with a piperazine pharmacophore enhanced cytotoxicity even more.
More information on figures 5B and 5C can be found in scheme S10.
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Page 62

Results from the DFT calculations to estimate adduct formation energies and transition state barriers at the
M06-2X/6-31(p,d) level (with SCRF=(IEFPCM,solvent=water)). S-cis conformation energies were reported
except in the case of (49).

compound  Adduct formation energy  Transition state energy

(kcal/mol) kcal/mol

56 -7.39 1.10
57 -12.04 321
49* 18.47 -
51 6.51 12.00
18 0.84 3.31
22 -4.46 2.29
28 9.30 9.96
36 -43.59 5.32
41 -2.40 2.14
45 -7.68 3.54
46 -2.42 6.06
44 -7.71 3.23
43 0.22 -
47 -10.43 212
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Table 2.

Results from the DFT calculations of (36) and (35) to estimate adduct formation energies and transition state
barriers at the M06-2X/ def2-TZVP level (with SCRF = (IEFPCM, solvent=water)).

compound  Adduct formation energy (kcal/mol)  Transition state energy kcal/mol

36 -49.93 7.34
35 -53.52 7.63
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Table 3.

Page 64

ICs0 = SD (n=23) values (uM) for CETZOLE-1, SAHA and the designed library of electrophilic heterocycles
on HCT-116 and NCI-H522 cell lines.

1Cs (UM) Fold Change®
Compound HCT-116 NCI-H522
CETZOLE-1 >40 3.99+0.33 >10.02
SAHA 1.31+0.08 1.72+0.28 0.76
8 8.39+0.53 0.67+0.07 12.52
9 488+128 0.66+0.05 7.39
10 15.88+1.02 0.54+0.09 29.40
16 23.18+1.96 0.37+0.03 62.64
30 >40 >40 N.A
29 >40 >40 N.A
28 >40 >40 N.A
27 >40 >40 N.A
32 >40 >40 N.A
34 >40 >40 N.A
36 >40 >40 N.A
38 >40 >40 N.A
31 1751+159 1.02+0.05 17.16
37 >40 >40 N.A
33 >40 11.7+2.08 341
35 >40 >40 N.A
39 95+1.04 2.34+0.27 4.05
40 >40 >40 N.A
41 >40 >40 N.A
42 >40 12.2+2.26 >3.27
43 19.36 +3.68 8.14+1.10 2.37
44 1161+1.11 1.26+0.08 9.12
45 19.61+1.95 0.86+0.06 22.80
47 2496+3.74 217+0.13 11.50
46 >40 >40 N.A
48 >40 5.65+0.58 >7.07
24 >40 >40 N.A
22 >40 2.67+0.34 > 14.98
18 >40 >40 N.A
20 >40 >40 N.A
51 >40 >40 N.A
49 >40 >40 N.A
57 >40 3.53+0.40 11.33
56 >40 >40 N.A
1 >40 8.40 +1.81 >4.76
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1Csp (UM) Fold Change®
Compound HCT-116 NCI-H522
2 5.61+0.52 0.89+0.07 6.30
60 >40 >40 N.A
61 >40 >40 N.A
58 >40 >40 N.A
59 >40 >40 N.A

*
As fold change is the ratio of IC50 (HCT-116)/ IC50 (NCI-H522).
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Table 4.

Page 66

ICsq = SD (n=23) values (uM) for ML210, BCP-T.A, BCP-C.A and BCP-P.A on NCI-H522 (in the presence
or absence of Liproxstatin-1 (0.25 uM)), HT-1080, MDA-MB-468, MDA-MB-231, HeLa, HCT-116, U20S,
WI-38 and MEFS cell lines Data are mean + SD (n=3).

Cell Line \CO™POUNd ML-210 BCP-TA BCP-C.A BCP-P.A
@ 9  No, B o o
NHN—‘ M N
—/ \ N /Q \ =
Y = =
NCI-H522 0.044 + 0.005 0.017 + 0.002 0.752 +0.083 1.129 +0.180
NCI-H522 + Lirpoxstatin-1 34.515 + 6.182 7.894 £ 0.811 3.098 + 0.243 2.879 £0.251
Fold Change” 784.431 464.353 4.120 2.550
HT-1080 0.022 +0.003 0.019 + 0.003 0.302 £ 0.017 0.376 % 0.008
MDA-MB-468 0.066 + 0.006 0.084 + 0.005 1.746 +0.153 0.065 + 0.076
MDA-MB-231 0.020 % 0.004 0.021 + 0.003 0.494 + 0.054 0.038 % 0.004
HeLa 0.253 + 0.041 0.242 +0.019 2.111+0.110 0.303 % 0.020
HCT-116 >1.000 > 1.000 1.641 +£0.528 3.801 + 0.447
U20s 0.822 + 0.249 0.367 + 0.055 1.708 £0.278 0.638 % 0.016
WI-38 0.060 = 0.004 0.022 + 0.004 1.742 £0.222 0.500 + 0.036
MEFS 0.016 + 0.003 0.010 + 0.001 0.352 +0.032 0.082 + 0.008

*
Fold change is the ratio of IC50 (NCI-H522 + Lirpoxstatin-1)/ IC50 (NCI-H522).
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