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Abstract

Chagas’ disease is a neglected global disease that affects millions of people in Latin
America and has started to spread to different areas around the world. This disease is the leading
cause of heart failure in Latin America and has many other symptoms including digestive track
problems and myocardial damage. The causative organism of this disease is T. Cruzi, which is
spread though an insect vector as well as human methods such as blood transfusions, organ
donation and food contamination.

Current drug therapies are not sufficient; they suffer from lengthy dosage duration and
have many dangerous side effects. In the last two decades the organism’s cysteine protease,
cruzain has become a desired target for inhibition. Many cysteine protease inhibitors have been
studied in the last two decades with one potential therapeutic - K777, an irreversible cysteine
protease inhibitor, having the most promise. K777 contains a potent vinyl sulfone warhead,
which acts as a Michael-acceptor to the cysteine residue in the catalytic triad of cruzain. K777 is
currently entering phase 1 clinical trials.

The potent warheard vinyl sulfone in K777 is of interest to the laboratory of Dr. Jennifer
Love due to our methodology for synthesizing vinyl sulfides. We proposed that we could
synthesize K777 and a variety of analogues using our rhodium-catalyzed alkyne hydrothiolation
method as the first application of this method in total synthesis. Here we present the total

synthesis of K777 and analogues highlighting the wide substrate scope of our methodology.
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1 Introduction

1.1 Neglected Global Diseases

At the Millennium Summit in 2000, the United Nations established a set of eight
goals for positive global development, collectively known as the Millennium
Development Goals."? Specific objectives of these goals include ending poverty,
achieving universal education and establishing gender equality.” The sixth goal of the
Millennium Development Goals is to combat HIV/AIDS, malaria, and other diseases.!
However, what is not clearly stated in the Millennium Development Goals is a
commitment to eradicate the many tropical diseases endemic to impoverished regions of
the Americas, Africa and Asia. Collectively these diseases are referred to by the World
Health Organization as neglected global diseases.” Unfortunately, as this group of
illnesses remain largely localized to undeveloped and developing nations, they are often
overlooked by the developed world, even though they affect hundreds of millions of
people annually and together have just as much impact as the “big 3” (malaria,
tuberculosis and AIDS).* To date, there are 13 neglected global diseases.” Generally,
these diseases are classified into three categories based on the source organism for
infection: infections caused by protozoa, such as Chagas’ disease and Human African
trypanosomiasis; bacterial infections, such as leprosy and trachoma and finally helminth
infections (parasitic worms), such as schistosomiasis.'

Poverty, poor living conditions and lack of proper health infrastructure are
common components to areas affected by these diseases. Poverty prevents healthy living
environments and access to education, both of which can result in the spread of neglected
global diseases. Neglected global diseases prevent citizens from reaching their potential,
which further promotes their poverty. In the end, many of the Millennium Development
Goals are intricately intertwined.! Unfortunately, since many of those who suffer from
these diseases are impoverished; there is little economic gain in developing drugs for
these diseases. Thus, research into drug development for treatment of these neglected
global diseases has been limited.”® In response to these challenges, several non-profit

initiatives have emerged. One organization is the Drugs for Neglected Diseases Initiative



(DNDJ) located in Geneva, which started in 2003.%” DNDi does not conduct its own
research but acts as project manager that facilitates collaboration for clinical trials, media
and drug development.®’ In the past few years various treatments have been produced.
One example is a collaboration with Sanofi where they developed a fixed dose
combination of artesunate and amodiaquine (Figure 1.1, 1 and 2, respectively) for the

treatment of malaria in Africa.®
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Figure 1.1: Drugs developed in collaboration with Drugs for Neglected
Diseases Initiative (DNDi)

Another initiative is the Neglected Global Diseases Initiative (NGDI) at the
University of British Columbia (UBC).” NGDI was created as a network of various
research developments throughout the university that are involved in various aspects of
neglected global diseases.” What is particularly advantageous is that this
multidisciplinary network offers new perspectives and collaborations within the
university. Current programs being explored are drug synthesis, vaccines, therapeutics,

diagnostics and micronutrients.’ Dr. Jennifer Love is a member of UBC NGDI.



1.2 Chagas’ Disease

Chagas’ disease (American trypanosomiasis) is one of the leading causes of heart
failure in Latin America. Chagas’ disease is caused by the protozoa Trypanosoma cruzi
(T. cruzi) and is mainly spread by an insect host vector.'™'" The insect vectors belong to
the triatomine group, a subfamily of the family Reduviidae.'? There are over 100 species
of triatomine that can act as vectors.13 T. cruzi is transmitted from organism to organism
when the feces of an infected insect contaminate a mucosal surface, broken skin (e.g., an
insect bite) or the lining of the eyes.!' Both humans and animals can be infected. It is also
important to note that T. cruzi can be obtained from non-vector based sources such as
blood transfusions, organ transplants and food contamination, as well as through the
process of child birth."*'7 This results in human-to-human spread and potential
human/animal spread from contamination with body fluids.

The World Health Organization estimates that there are roughly 10 million people
currently infected with Chagas’ disease and many more at risk, particularly those living
in areas endemic to these diseases.1® Furthermore, these regions are plagued by poor
health infrastructure, which frequently leads to transmission of these diseases through
non-vector based sources (as described above). Additionally, poor housing quality results
in a higher frequency of insect infestations, which, in turn, leads to increased contact with
disease carrying organisms.'' However, due to ever increasing immigration and
population mobility, Chagas’ disease is starting to appear in various developed countries
such at the United States, Japan and Australia.1%20 In a study done by Schmunis and co-
workers they estimated that there are 325,671 immigrants in the USA (2% of 16 689 172
South American immigrants) and 5,553 in Canada (3.5% of 156 960 of South American
immigrants) currently infected.l® Unfortunately, there is currently no vaccine available
for preventative treatment of Chagas’ disease. Nevertheless, there are several protocols
for minimizing the spread of the disease.1® These protocols include vector control, home
improvements, personal preventive measures, good hygiene practices and screening for
blood for donations and transplantations.18

T. cruzi enters the infected host in the trypomastigote stage. The site of
inoculation is sometimes marked as a Chagoma (an inflamed site).10 Once in the

bloodstream of the host organism, the trypomastigotes enter the cytoplasm of host cells



where they become amastigotes, divide intracellularly, rupture and cause host cell
damage (Figure 1.2).2122 The sites of tissue damage are mainly cardiac muscle and

digestive tract.

Epimastigotes

p i th Triatome bug takes a blood Trypomastigotes
.dl’eP |chate int ? meal and it’s feces release enter host cells and
midgut t en t“"“_ into infectious trypomastigotes turn into amastigotes
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hindgut
Amastigotes
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. rupture cells and enter the blood
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@D~ —

Figure 1.2: Life cycle of T. cruzi

The acute stage (initial short term stage) of illness, which typically lasts 2 months,
is characterized by symptoms including: edema (accumulation of fluid) of the face and
lower extremities, fever, generalized inflammation, skin lesions, swelling of eyelids (if
this is the site of entry) and enlarged lymph glands.10.1113.23 During the acute stage, the
parasite is present in the bloodstream of the host organism. Therefore, simple blood tests
can be used as a means of identifying the presence of the disease.'® Once out of the acute
stage of illness, infected individuals enter the intermediate stage, which can last from
months to an entire lifetime. At this stage, a definitive diagnosis can be made from

positive serological tests for specific antibodies, absence of symptoms and absence of



electrocardiographic abnormalities signifying a dormant stage of the disease.1013About
30% of those in the intermediate stage will progress to the chronic (long term) stage.''
The main symptoms of the chronic stage are congestive heart failure, arrhythmias and
thromboembolic events (blood clots); less common are digestive system syndromes such

as dilation of the intestines (megacolon) and esophageal paralysis (megaesophagus).10.11,

13,23

1.3 Current Drug Therapeutics for the Treatment of Chagas’ Disease

There are two drugs, both nitro heterocycles, currently being used for the
treatment of Chagas’ disease: benznidazole (3) and nifurtimox (4) (figure 1.3).24-26
Neither of these drugs are approved in the United States or Canada but are available from
the Centers for Disease Control and Prevention (CDC) for investigational protocols.24 25
These drugs target DNA structure and work predominantly only in the acute stage.
However, there are several problems with the use of these drugs, including lengthy drug
dosage regiments (benznidazole 5 mg/kg for 60 days, nifurtimox 10 mg/kg for 60 — 120
days), severe toxic side effects and increasing drug resistance. In addition, this treatment
is not suitable for pregnant women and specific formulations for children are still

needed.?4 25
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Figure 1.3: Current therapeutics for the treatment of Chagas’ disease

Side effects of benznidazole include bone marrow suppression, inflammation,
rashes and peripheral neuropathy.13 25 27 Nifurtimox affects the central nervous system
and can cause irritability, insomnia, anorexia, disorientation and depression.2> 27 Both

benznidazole and nifurtimox are absorbed by the gastrointestinal tracts.2” They are



metabolized in the liver and both are eliminated in the renal system. Benznidazole can
also be excreted in feces.”” The harmful side effects associated with both benznidazole

and nifurtimox (thought to be caused by reactive nitro radicals such as nitro anion radical
RNO?," and/or hydronitroxide free radical RNHO.2> These highly reactive intermediates

react with DNA, lipids and proteins.?25 Both drugs are thought to be mutagenic and
carcinogenic.28-30 Thus, with the many downsides of the use of these drugs, and lack of

drugs that work well in the chronic stages, new therapeutics are greatly needed.

14 Peptidomimetics as Key Therapeutics in Drug Design

Inhibition of the life cycle of pathogenic organisms and the inhibition of the
machinery of viruses have been the targets of many therapeutics. Ideally, inhibition
would occur at an enzyme that is vital to the organism or virus. Inhibitors can bind to the
catalytic site of the enzyme preventing association of the substrate or they can
allosterically inhibit the enzyme by binding to a non-catalytic site, promoting a
conformational change in the enzyme.

One possibly strategy involves the use of peptidomimetics. These molecules
resemble the natural substrate of an enzyme and can act as competitive inhibitors of a
given enzyme’s catalytic site.3! The development of peptidomimetic inhibitors begins
with structure-activity relationship studies (SAR) to identify key chemical moieties that
are important biologically. Peptidomimetics are particularly advantageous as they are
designed to be very specific. Non-specific treatments from other therapeutics can cause
many side effects. An example of a peptidomimetic is the HIV protease inhibitor
indinavir (crixivan) (5) developed by Merck. This particular drug has been available
since the mid 90’s.3233 Another example is odanactib (6), a cathepsin K (cysteine
protease) inhibitor, which is currently in phase three clinical trials for the treatment of

post-menopausal osteoporosis.34-36
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Figure 1.4: Examples of peptidomimetics

Several targets of interest have been examined over the last two decades as
potential sites of chemotherapy for Chagas’ disease. To date, two of the largest areas
explored have been the inhibition of sterol synthesis and the inhibition of cruzain - a
cysteine protease essential to the lifecycle of the protozoa 7. cruzi. Anti-fungal agents
such as posaconazole (7) and ravuconazole (8a) inhibit C14 Lanosterol demethylase, an
enzyme critical for ergosterol synthesis and successful growth of the pathogen.® 37-39
Posaconazole is currently entering phase two clinical trials.® However, despite not having
FDA approval, posaconazole has been already used successfully in the treatment of
Chagas’ disease. In this particular case, posaconazole was used to treat a patient who had
systemic lupus erythematosus and chronic Chagas’ disease. Treatment of lupus involves
using immune-suppressing drugs that would be threatening for a person who had chronic
Chagas’ disease. The patient was administered posaconazole (800 mg/ day for 90 days)
and is currently free of parasitic infection.®#? Unfortunately, posaconazole is very costly
and difficult to synthesize.® The prodrug E12-24 (8b) of ravuconazole is currently

entering phase two clinical trials under the guidance of DND;.6:38:39.41
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Figure 1.5 Inhibitors of ergosterol biosynthesis

Many therapeutic interventions employ protease inhibitors to induce cell cycle
arrest. Proteases are enzymes that catalyze the cleavage of peptide bonds. When they
break down interior protein peptide bonds they are referred to as proteinases or
endoproteases. When they cleave peptides at the amino or carboxy terminus they are
called exopeptidases. Proteases can be classified based on their catalytic site. Serine
proteases use the hydroxyl moiety of serine in their catalytic site (catalytic triad), whereas
cysteine proteases use the thiol moiety of cysteine in their catalytic site. Aspartyl
proteases use two aspartyl groups, whereas metalloproteases use a metal ion in their
active site.*” The classifications of proteases are important, as they hint to the function of
the protease. Proteases are essential for degradation and activation of various proteins in
an organism. Specifically in parasitic protozoa they can be used for the metabolism of
host molecules for energy, immune evasion (breaking down host immune molecules) and

breakdown of important cytoskeletal proteins in host molecules to name a few. Since they



are crucial to the life cycle of protozoa, inhibitors of specific proteases can be very
useful.*

Cysteine proteases in general have been therapeutic targets for numerous diseases
including malaria, schistosomiasis and African sleeping sickness.3643-45 Cruzain is the
key cysteine protease in T cruzi and is thus thought to play an important role in the life
cycle of T. cruzi. It is thought to play a role in cell differentiation, replication and
processing/breakdown of host molecules in lysosome like — vesicles called reservosomes
4246 Cruzain is a glycoprotein and is homologous in structure to cysteine proteases such
as papain (found in papayas, commonly used in meat tenderizers as it is non-selective)
and the cathepsins (mammalian cysteine protease inhibitors).4” The gene sequence of
cruzain is very similar to the gene sequence of the cysteine protease in Trypanosoma
brucei, the causative organism of African sleeping sickness (59% similar) and that of
cathepsin L (42% similar).2! The protease is expressed in all parasitic stages but more
often in the amastigote stages.2! The catalytic triad is composed of cysteine 25, histidine
159 and aspargine 175 residues.?2

Many of the original inhibitors for cruzain were developed for other cysteine
proteases, such as the previously mentioned proteases papain and the cathepsins.48-50
Cathepsins are mammalian cysteine proteases that perform protein degradation
intracellularly and are found predominantly only in the lysosome.>! Exocytosis (secretion
to extracellular environment) of cathepsins was found to be irregular and an indication of
a diseased state. The presence of these proteases in an atypical area is thought to cause
harmful degradation in that location.>? Inhibition of cathepsin S has been chosen as a
target for inflammation, cathepsin K for Osteoporosis and capthepsins B and L for
oncology targets.>!

There are many different types of inhibitors for cysteine proteases. Generally,
these inhibitors can be divided into reversible inhibitors and irreversible inhibitors.>3 54
Reversible inhibitors include peptidyl aldehydes, nitriles and o-ketocarbonyl
compounds.55-57 These inhibitors form short-lived intermediates and are thus, reversible.
Irreversible inhibitors include peptide halomethyl ketones, diazomethyl ketones and vinyl
sulfones.*8 53,58 [rreversible inhibitors form stable products with the enzyme and are thus

irreversible (Schemes 1.1-1.3). Scheme 1.1 shows two possible mechanisms for



peptide halo methyl ketones. The first mechanism A, involves the attack of a
cysteine residue in the catalytic site to the electrophilic carbonyl, forming a
tetrahedral intermediate. The nucleophilic sulfur of the thioether moiety then
undergoes a substitution reaction to cleave the leaving group X forming a three-
membered ring episulfonium ion. When the tetrahedral intermediate collapses the
three-membered ring opens forming an alpha-ketothioether. The resulting alpha-
ketothioether is stable and the thioether residue cannot be cleaved from a
substitution reaction with weak nucleophilic leaving groups such as fluoride
(Scheme 1.1). The second mechanism B involves a direct displacement of the leaving
group X with the nucleophilic cysteine residue to give the same product (Scheme
1.1). Diazo methyl ketone inhibitors also form alpha-ketothioethers (Scheme 1.2).
The first step of this mechanism also involves forming a tetrahedral intermediate
with cysteine, followed by protonation by a nearby protonated histidine residue. A
very good leaving group (positively charged dinitrogen) is now present that
undergoes a substitution reaction with the thioether moiety to release nitrogen gas,
forming an episolfonium ion. The three-membered ring of the episulfonium ion is
then opened upon collapse of the tetrahedral intermediate to give an alpha-
ketothioether. Since nitrogen gas is a poor nucleophile the reverse reaction will not
take place, rendering this pathway irreversible (Scheme 1.2). Finally vinyl sulfone
inhibitors act as potent Michael-acceptors. In the catalytic site, nucleophilic cysteine
does a 1,2-addition to the vinyl sulfone. One of the oxygen on the vinyl sulfone
initially accepts a proton from a nearby protonated histidine residue. Upon
tautomerization the Michael-addition product is formed and is further stabilized by

a near by histidine residue (Scheme 1.3).
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Scheme 1.1: Peptide halo methyl ketone inhibitors
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catalytic site

Scheme 1.2: Diazomethyl ketone inhibitors
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catalytic site

Scheme 1.3: Vinyl sulfone inhibitors

Initial investigations focused on the use of peptide fluoromethyl ketones
(PFMK’s) as they showed promise in early studies. The fluoro-peptide fragment (PFMK
Z-Phe-AlaCH,F) 9 was first synthesized by Rasnick and was found to inhibit Human
cathepsin B.#8 A similar peptide fragment (10, PMFK Z-Ala-PheCH,F) was subsequently
shown in the early 90’s to cause lysis of T. cruzi epimastigote cells. This result
demonstrated the importance of a cysteine protease in the life cycle of T. cruzi.>® Related
compounds such as Z-Phe-AlaCH,F 10 and Z-Phe-ArgCH,F 11 also showed abilities to
arrest intracellular replication and intercellular transmission of T. cruzi in mouse
macrophages.®® Research in the area progressed until it was found that the PMFKs were

metabolized to fluoroacetate - a highly toxic metabolite.®!
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Figure 1.6: Peptide fluoro methyl ketones (PMFK)

During the same time, a different approach to peptidomimetic-based therapies
was being explored by Palmer and co-workers. This approach is based on the potential
for Michael acceptors to act as inhibitors (Scheme 1.3, page 13).*"° To this end, Palmer
and co-workers designed potent inhibitors to be tested on cathepsins B, L, S and O2,
calpains and cruzain, with a vinyl sulfone as the Michael acceptor.53 Vinyl sulfones were
anticipated to be more inert than vinyl ketones or esters. Therefore, these inhibitors
would be unreactive to various proteases, including serine proteases and aspartyl protease
and free thiols, such as glutathione.”® Of additional importance is that the vinyl sulfone
would be able to hydrogen bond in the active site thus increasing the binding affinity of
these vinyl sulfone inhibitors of various cysteine proteases. The following figure outlines
the peptide design and mechanism. P;, P,, etc. represent residues on the amino side of the
peptide to be cleaved. P,’, P,’, etc. represent residues on the carboxy side of the peptide
bond to be cleaved. S;, S; etc. represent the enzyme binding site for residues on the
amino side of the peptide to be cleaved, whereas S;’, S,’ represent the enzyme binding

site for residues on the carboxy side.
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To this day, numerous variations of vinyl sulfone inhibitors have been synthesized
and screened for activity with cathepsins, cruzain and many other cysteine proteases. The
various peptide sites (P;, P, etc.) have been manipulated based on inhibition studies and
crystal structures of inhibitors co-crystallized with proteases.51.62:67 The S’ site binds
aromatics with tethers between the aryl group and sulfone sufficiently well. If the P, site
contains only a phenyl ring, this does not make optimal interactions (w stacking). 646> The
S, pocket is outlined with hydrophobic residues, which explains the majority of
hydrophobic residues at the P, site of an inhibitor. However there is a glutamate at the
bottom of the hydrophobic pocket, which can interact with positively charged side chains
when appropriate (arginine) and turn away when hydrophobic side chains occupy the P;

site.6567.68 The P; site has been manipulated for bioavailability (ability for oral
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intake).%70 Finally, the P; site has been manipulated to have residues that are robust and
unable to be cleaved.6569

K11002 (12) was one of the first scaffolds to show potency against cruzain. >3
However the morpholine subunit decreased bioavailability.6%70 K777 (13) is another
potent inhibitor of cruzain that contains an N-methylpiperazine group which increased
bioavailability. 76970 The N-methylpiperazine group is more soluble in intestinal fluids
than the morpholine urea moiety.”” K777 has also been used in many other cysteine
protease studies. For example, several studies have established K777 to be an inhibitor of
the cysteine protease of Trypanosome brucei - the organism responsible for Human
African Sleeping sickness. In addition, K777 has also recently been indicated as a
potential inhibitor for the cysteine proteases of Tritrichomonas foestus a sexually
transmitted organism that causes birth problems in cattle and genital inflammation.4371

Given the promising results obtained by Palmer and others, several other vinyl-
sulfone containing peptidomemitic therapeutics have been developed. These include,
APC 3328 (14): a potent inhibitor of cathepsin K (a protease that is related to osteoclast
maladies).®3 K11017 (15) has been shown to be an inhibitor of cathepsin B1 an important
protease for the organism Schistosoma monsoni, the causative organism of
schistosomiasis (parasitic worm disease).*> It is worth noting that K11017 (16) has also
been used as an inhibitor of the cysteine proteases of the falcipains, which are key
proteases in Plasmodium falciparum the causative organism of malaria.364445> Finally

another potent inhibitor of cruzain is WRR-483 (16).”
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Figure 1.9: Examples of cysteine protease inhibitors containing vinyl sulfone

moieties

1.5 K777- A Cysteine Protease Inhibitor of Cruzain

Of the many inhibitors listed previously, K777 is the leading cysteine protease
inhibitor based therapeutic for treatment of Chagas’ disease.®37.7374 There have been
several proof of principle clinical studies done on K777 as an inhibitor of cruzain. Firstly,
K777 has been shown to cure mice from an acute stage of a lethal T. cruzi infection.6?
K777 has also demonstrated its ability to clear parasitemia in chronically infected mice
without toxic side effects.®® In addition, K777 was also used to decrease myocardial

damage in infected dogs.”> However, there are many concerns that arise with cases where
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the host is in an immunocompromised state. Patients who have immune deficiencies such
as HIV are at greater risk with therapeutics that have harmful side effects. Clinical studies
have shown K777 to be effective in rescuing immunodeficient mice infected with T.
cruzi, which demonstrates its versatility.”®¢ Multiple strains of T. cruzi have been inhibited
by K777, which is critical in combating potential drug resistance.”® 76 With many of
these good results and initial absence of toxicity K777 was FDA approved to enter pre-
clinical trials.® 74

Based on the oral dosages of mouse and dog studies, it has been proposed that an
oral dosage of ~ 10 mg/kg for 14-30 days may be the administration framework for
K777.” The time frame is half the time frame required for administration of benznidazole
and nifurtimox. Decreased length of time is not only more convenient but lowers the risk
of side effects due to prolonged treatments. This proposed dosage is also within the
guidelines set out by the WHO for a new drug for Chagas’ disease.’* K777 has now
undergone primate, rodent and dog testing.”* Based on the results obtained from rodent-
based tests, the tolerated maximum dosage was found to be 150 mg/kg/day and the
NOAEL (no adverse effect level) was 50 mg/kg/day. This study was completed by SRI
International (Stanford Research Institute) in conjunction with the National Institute of
Allergy and Infectious Diseases (NIAID).74

However, despite all of the promising results obtained thus far, in 2005 the
progress of K777 towards clinical implementation was stalled due to signs of
hepatotoxicity (liver toxicity). At high dosages (200 mg/kg in monkeys and 100 mg/kg in
dogs) elevated concentrations of alanine aminotransferase (ALT) were found.”# Elevation
in ALT can be related to hepatotoxicity.”* However, the proposed dosage for
monkeys/dogs (50 mg/kg) is much lower than the dosage required to observe elevated
levels of ALT.” In rodent studies done by the NIAID they found that elevated ALT
levels were observed with dosages above 150 mg/kg. But at even higher levels (300
mg/kg), liver damage was reversible with therapy.”

The metabolic break down of K777 has also been studied. Jacobsen conducted an
in vitro study with liver monooxygenases. Using HPLC/UV and HPLC/MS detection, 3
metabolites were found.”’® These metabolites were N-des methyl K777 (17), N-oxide
K777 (18) and B-hydroxy hPhe K777 (19). CYP3A enzymes were proposed to catalyze
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this process. CYP3A enzymes are members of the cytochrome P4so super family of
important enzymes used for the metabolism of xenobiotics (chemicals not normally
found in the body). It has been previously mentioned that K777 (~19%) has increased
bioavailability in comparison to K11002 (2%).”° However, the bioavailability of K777 is
still relatively low. The low bioavailability could be a consequence of K777 being a
substrate for CYP3A enzymes. These enzymes are not only found in the liver but are also
common in intestinal mucosa. It has been proposed that low bioavailability of drugs can
be attributed to first-pass metabolism of these compounds in the intestines.”%77-79
Jacobsen also demonstrated that K777 could also inhibit CYP3A enzymes. This could
have a substantial effect on co-administered drugs that are normally metabolized by

CYP3A enzymes.”?
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Figure 1.10: Proposed metabolites of K777

1.6 Synthesis of K777

The first synthesis of K11002 was reported by Palmer in 1995.53 Subsequent
syntheses of various analogues of K11002, including K777, have followed a similar
strategy.5! Indeed, in each synthesis the critical vinyl sulfone moiety was obtained
through standard olefination chemistry. Further retrosynthetic analysis reveals that the

rest of the compound can be obtained from a series of peptide couplings. On this basis,
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K11002 and related structures can be easily obtained from the union of these fragments.
A simple retrosynthetic approach to this general class of compounds is depicted in
scheme 1.1. The dipeptide is formed from standard peptide coupling protocol from two
residues, a functionalized amino acid and vinyl sulfone with a free amino group. The
functionalized amino acid is made from coupling conditions involving phosgene and a
group R3 (morpholine, N-methylpiperizine etc.). The vinyl sulfone is normally achieved
from olefination reactions of an aldehyde. The aldehyde is achieved from selective
reduction of an amino acid or reduction to the alcohol, followed by oxidation to the

aldehyde.
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Scheme 1.4: General synthetic strategy of peptidyl vinyl sulfone analogues

The synthesis of K777 commences with the unnatural and expensive amino acid
homophenylalanine (20) ($24,194/mol TCI America). The protected amino acid (21) can
be purchased ($32,681/mol Sigma Aldrich). The protected acid was converted to the
corresponding Weinreb amine (22) in 98% unpurified yield. Weinreb amide 22 is further
reduced to aldehyde 23 in 100% yield (unpurified).8® Aldehyde 23 undergoes a Horner-
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Wadsworth-Emmons (HWE) olefination to yield the desired vinyl sulfone (24),
reportedly in 100% yield (unpurified)®’ The HWE reagent (25) is made from the
oxidation of diethyl phenylthiomethylphosphonate 26 with peracetic acid in 100% yield.
Subsequent removal of the fert-butyloxycarbonyl protecting group was accomplished

using p-TsOH to give the corresponding salt in 76% yield from 23.”!
HCI-HN(CH3)OCH4

0 0 0
DIC, i-Pr,EtN i L
' ’ BocHN .O. LiAlH4, THF  BocHN
BOCHN\;)]\OH CH,Cl,0°C Jk”\l ~ . J H
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7 2 9P
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OEt OEt
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Scheme 1.5: Palmer’s synthesis of the compound 27
The remaining synthesis of K777 begins with the (S)-benzyl-2-amino-3-

phenylpropionate hydrochloride (HC1.PheOBzl) 28. Benzyl ester 28 was reacted with

phosgene to yield the corresponding isocyanate 29 in 85% yield. Isocyanate 29 was
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subsequently combined with N-methylpiperazine to give 30 (no yield reported). The
benzyl group was removed by hydrogenation to give 31 in 93% yield. Peptide 31 was
then subjected to coupling conditions using 4-methyl morpholine to suppress
racemization and isobutylchloroformate with salt 27 to yield the tosylate salt of K777
(32) in 62% yield. The tosylate salt of K777 (32) was then converted to the HCI salt of
K777 (33) in 94% yield. The overall yield of the eight-step synthesis was 34%.51
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Scheme 1.6: Palmer’s synthesis of the left peptide moiety

Notwithstanding the short number of steps to reach K777, there are several
limitations in this synthesis: the cost of the starting material, the requirement to make the
HWE reagents/atom efficiency of HWE and the use of toxic phosgene. Other analogue
syntheses are similar differing only in the types of amino acid residues used and peptide

coupling conditions. Unfortunately, many of these published routes require the use of
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HOBT (hydroxybenzotriazole) a racemization suppressor with a variety of coupling

agents.#46472 HOBT is dangerous to handle and deliver, as it is an explosive.

1.7 Catalytic Alkyne Hydrothiolation as a Proposed Means to the Synthesis of
K777 and Analogues.

K777 is of special interest to our research group as its potent “warhead” moiety, a
vinyl sulfone, can be readily synthesized by means of rhodium-catalyzed-alkyne
hydrothiolation, a methodology being developed in our research laboratory. On this basis,
we proposed to synthesize K777 and analogues as a proof of principle of our

methodology in synthesis.

Ph
11

Figure 1.11: K777 “Warhead”

Vinyl sulfides and vinyl sulfones are not only desirable synthetic targets but can
also be used as key intermediates in a variety of syntheses.82 For example, they can be
used as enolate equivalents, masked carbonyls, cross-coupling partners in Kumada
coupling and Michael acceptors among many other reactions.83-8¢ Vinyl sulfides can be
synthesized in a variety of different ways such as nucleophilic substitution of vinyl
halides and Wittig reactions.8’-92 However E and Z selectivity can be an issue in
synthesis.?3

Alkyne hydrothiolation is a method for synthesizing various vinyl sulfide
isomers.?3 Alkyne hydrothiolation involves adding an S-H bond across the it bond of an
alkyne. The reaction can yield three isomers, an E-linear isomer, a Z- linear isomer and a
branched isomer.?3 The reaction can be conducted through nucleophilic attack reactions,

transition-metal-mediated-catalysis and free radical addition.?%94-98 For many years, most

23



protocols produced Z-linear isomer and the branched isomer. There were few protocols

that favor the E-linear isomer selectively.

SR

R—=—= + RSH — » 1
R1& RV\/SR R\
SH
branched E-linear Z-linear

Scheme 1.7: Isomers of alkyne hydrothiolation

Transition metal-catalyzed hydrothiolation as a method for producing vinyl
sulfides has many advantages. These reactions can be regio- and stereoselective and are
100 % atom economical. The desired vinyl sulfide for the synthesis of K777 is an E-
linear vinyl sulfide. In 1992 Ogawa and coworkers reported the first transition-metal-
catalyzed production of E-linear vinyl sulfide.?#°7 Wilkinson’s catalyst (CIRh(PPhs)s3)
(34) was found to work well for aryl thiols but did not work for aliphatic thiols.?4°7

3 mol% CIRh(PPhg),
R— + ArSH > R1/\/8Ar
EtOH, 40°C

Scheme 1.8: Ogawa’s conditions of Wilkinson’s catalyzed alkyne

hydrothiolation

The Love group demonstrated that a different rhodium catalyst, Tp*Rh(PPhs),
(35), produces mainly the branched isomer.””'® In the course of that work, we
discovered that Wilkinson’s catalyst does indeed catalyze alkyne hydrothiolation with
aliphatic thiols thiols upon optimization of solvent conditions.?3191 The Love group
demonstrated that Wilkinson’s catalyst gives predominantly the E-linear isomer with

modest amounts of the branched product. *>'"!
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Scheme 1.9: Major products of metal-catalyzed alkyne hydrothiolation
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Figure 1.12: Catalysts used in alkyne hydrothiolation

The mechanism of both of the aforementioned catalyzed reactions is currently
under investigation in the Love group. The following figure is the current proposed
mechanism of rhodium-catalyzed alkyne hydrothiolation using Wilkinson’s catalyst. The
mechanism begins with oxidative insertion of the S-H bond into the Rhodium pre-
catalyst. Alkyne coordination follows and then 1,2-insertion into the Rh-H bond. Finally,
reductive elimination provides the vinyl sulfide and another oxidative addition of an S-H

bond regenerates the catalyst.”**®
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Scheme 1.10: Proposed catalytic cycle of rhodium-catalyzed alkyne

hydrothiolation using Wilkinson’s catalyst

Building on the substrate scope studies conducted by Paul Bichler and Dr. Shiva
Shoai, we propose to use our methodology for rhodium-catalyzed alkyne hydrothiolation
for the synthesis of K777. Importantly, the ability to use a variety of thiols will provide a
quick efficient route to many analogues of K777. We envision we could make analogues
of K777 from the coupling of two fragments 31 and 37 (Scheme 1.8). Fragment 37 could
be made from an oxidation of a vinyl sulfide. The vinyl sulfide would be made from
rhodium-catalyzed alkyne hydrothiolation using Wilkinson’s catalyst to form
predominantly the E-linear isomer. The alkyne 38 could be made from a variety of
different approaches. These approaches will be discussed in more detail in Introduction

2.1p.29-32
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2 Total Syntheses of K777 and Analogues

2.1 Introduction

Rhodium-catalyzed-alkyne-hydrothiolation offers a direct, efficient and atom
economic route to a variety of vinyl sulfides. We envisioned that we could apply this
methodology to the synthesis of K777. This methodology could also be useful to generate
K777 analogues, by modifying the P, site (Figure 1.8, p.15) In particular, we proposed to
make analogues that differed in the para position of the aryl thiol, as this would likely
affect the reactivity of the vinyl sulfone. Key disconnections of dipeptide 36 cleave the
molecule into two peptide moieties, 31 and 37. Fragment 31 can be readily prepared by a
peptide coupling previously reported in the literature.’’’> Moiety 37 would be readily
accessible from the oxidation of a vinyl sulfide, a product of metal-catalyzed-alkyne
hydrothiolation (Scheme 2.1). Here in this chapter, we present the synthesis of K777 and

five analogues.
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Scheme 2.1: Proposed retrosynthetic analysis

Our initial strategy for the synthesis of K777 involved the use of Palmer’s method

for the synthesis of 37, which is derived from alkyne 38. There are several methods for
synthesizing the desired alkyne 38. Attempts to use the Corey-Fuchs reaction or the
Ohira-Bestmann reagent in a modified Seyferth-Gilbert homologation reaction were
unsuccessful (Schemes 2.2-2.3)."%1% Tt should be noted that neither method is atom
economical and both involve the use of an extremely expensive starting material,
homophenylalanine 20 ($24,194/mol TCI America) or the protected tert-butoxycarbonyl
derivative of homophenylalanine 21 ($32,682/mol Sigma-Aldrich) (See introduction

Scheme 1.2).

29



0 0
—> _
HzN\)kOH —>_ PGHN \)LH 1. PPy, CBry, CHoClo - PGHN _F

\j \W 2. n-Buli, THF \j

Ph Ph Ph

Scheme 2.2: General Corey-Fuchs reaction
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Scheme 2.3: General reaction using the Ohira-Bestmann reagent

We therefore devised a retrosynthetic strategy that would start from a much less
expensive starting material, hydrocinnamaldehyde (39). An asymmetric synthesis using
an Ellman’s auxiliary (40) would be employed to produce a chiral imine 41 (Scheme 2.4).
An addition reaction to the chiral imine 41 would produce the desired protected alkyne 42
with diastereoselective control via a six-membered transition state (Scheme 2.5).
Ellman’s N-fert-butanesulfinyl aldimines (sulfinamides) are sources of chiral ammonia
equivalents. They are configurationally stable, produce good diastercoselectivity for
nucleophilic additions and can be readily cleaved with acid.105-107 Ellman’s sulfinamides
can also be recycled, thereby reducing the cost when used in synthesis. When Ellman’s
auxiliary is cleaved with HCI, a sulfinyl chloride is produced which can be treated with
aqueous ammonia to produce the sulfinamide in high enantiomeric excess (ee).108
Scheme 2.6 highlights the envisioned synthetic approach from hydrocinnamaldehyde (39)
and (5)-(-)-2-methyl-2-propanesulfinamide (40b). Imine 41 produced can then be treated

with an alkynyl Grignard to give a diastereoselective addition product, alkyne 42.
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Scheme 2.4: Synthesis of zert-butanesulfinyl imines
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Scheme 2.5: Diastereoselectivity model for Ellman additions
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Scheme 2.6: Proposed method to derivative of desired alkyne

In order to test the methodology of metal-catalyzed alkyne hydrothiolation on our

substrate, we first synthesized the desired racemic alkyne.

2.2 Results and Discussion

2.2.1 Synthesis of R/S Alkyne

Synthesis of the racemic alkyne begins with hydrocinnamaldehyde (39).
Hydrocinnamaldehyde (39) was condensed with fert-butyl carbamate (43) and benzene
sulfinic acidesodium salt to produce alpha-amidoalkyl sulfone 44 in 68% yield. With
excess alkynyl lithium reagent an in sifu imine 45 was formed and reacted immediately to
give the addition product propargyl amine 46 in 70% yield (Scheme 2.7).'" Propargyl
amine 46 was subsequently deprotected with TBAF to yield the desired alkyne 47 in 83%
yield.

32



o 0 PhSO2Na O SO,Ph

t-BuOJ\NHQ HMPh HCO,H, tTHF/H20 +Bu0” N Ph
r.1.
43 39 44
68% yield
T™S
Li———TMS o) i
44 > t-BuOJJ\Né\/\Ph tBuO N Ph
THF -78°C H
45 46
70% yield
TBAF I
% O
THF, 00
 0°C t-BuOJ\N Ph
H
47
83% vyield

Scheme 2.7: Synthesis of R/S propargyl amine 47

2.2.2 Investigations of Alkyne Hydrothiolation and Oxidation of the R/S Alkyne

Alkyne 47 was reacted under standard conditions of the rhodium-catalyzed alkyne
hydrothiolation methodology of our group using Wilkinson’s catalyst. However, poor
selectivity (5:2 E-linear:branched isomers) was observed (Scheme 2.8). Selectivity was
determined by taking a ratio of the integrations of the E-linear vinyl protons to that of the
branched product (Figure 2.2). It was postulated that the nitrogen on the propargyl amine
could coordinate to the metal. Such an interaction would direct the reaction to the internal
position of the alkyne, over-riding Wilkinson’s catalyst’s typical preference for
generating the E-linear alkyne. Thus, we added another fert-butoxycarbonyl protecting
group to the propargyl amine nitrogen functionality, which should minimize coordination

of the nitrogen atom for both steric and electronic reasons (Scheme 2.9)
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Scheme 2.8: Rhodium-catalyzed-alkyne hydrothiolation of alkyne 47
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Figure 2.2: Determining selectivity of isomers by '"H NMR spectroscopy
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Scheme 2.9: Synthesis of di-protected propargyl amine

When propargyl amine 50 was treated with 3 mol % of Wilkinson’s catalyst, vinyl
sulfide 51 was produced with a minimum selectivity of 25:1. (Scheme 2.10) Clearly,
protection of the free amine had a considerable effect on reactivity. Table 2.1 highlights
the results with differing catalytic loading. There seems to be no correlation between

catalytic loading with either yield or selectivity.
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Table 2.1: The effect of catalytic loading on rhodium-catalyzed alkyne

hydrothiolation
t+BuO.__0O +BuO___0O +BuO._O __Ph
__ Xmol% 34 S
tBuO. _N =~ 3 BuO._ N - S. pp + FBuO_ N
il DCE, PhSH g hid
o) r.t (0] (0]
Ph Ph Ph
50 51 52

E-Linear Branched
Entry Catalytic Loading Ratio? YieldP
1 3 mol% >25:1 61%
2 5 mol% >25:1 58%
3 10 mol% >25:1 71%

aRatio of E-Linear:Branched as determined by "H NMR spectroscopy
bFollowing purification by column chromatography

2.2.3 Synthesis of Enantioenriched Di-Protected Propargyl Amine

On the basis of these results, we proceeded to the synthesis of the chiral propargyl
amine 53. Synthesis of the chiral propargyl amine also commenced with
hydrocinnamaldehyde (39). Hydrocinnamaldehyde ($35/mol Sigma-Aldrich) was reacted
with (S5)-(-)-2-methyl-2-propanesulfinamide ($6,900/mol TCI America) to form chiral
imine 41 in 91% yield. Both starting materials are relatively cheap in comparison to the
use of fert-butoxycarbonyl derivative of homophenylalanine 21 ($ 32,682/mol Sigma-
Aldrich). This methodology is tolerant of a variety of aldehydes and thus can be used to
generate analogues. Using the conditions reported by Chen and co-workers chiral imine
41 was transformed to the TMS-protected propargyl amine 54 in 92% yield and >100%
d.r. (diastereomeric ratio) as determined by "H NMR spectroscopy.68 Compound 54 was
subsequently deprotected to yield the terminal alkyne 55; the alkyne was used without

further purification. Ellman’s sulfinamide auxiliary was then removed with HCI and the

36



ammonium salt of the free alkyne was immediately subjected to protection conditions to
yield the di-protected propargyl amine 53 in 79% yield over three steps from 55 (Scheme
2.10).

@)

KHSO,
XS/NHZ ¥ HJK/\Ph — XS/NWPh
o PhCHj, 45°C I

O H
40b 39 "
91% yield
i — TMS
i) MgCl——=——TMS X H / TBAF >L W
- S/N\: = i S/N \//
CH,Cly, -78 °C SO THE, 0°C S
i) H* work up ] \
Ph Ph
54 55
92% yield
>99 d.r.
+BuO___0O
N =~
tBuO. N2 +BuO.__N__Z
i) HCI/CHZ0H D 806),0 - \/
i) NaHCO, . ° N SN
I} a 3,
CH,Cl,, (Boc),0 Ph DMAP, CH5CN L
56 53
79% vyield
(3 steps)

Scheme 2.10: Synthesis of enantioenriched di-protected propargyl amine 53
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2.2.4 Synthesis of K777 and Analogues

Fragment 31 was synthesized using a similar procedure to the synthesis of WRR-

483 (16), an arginine-based analogue of K777.”> We chose this protocol over Palmer’s

method for the synthesis of K777 as a means to avoid the use of toxic phosgene 57.>' The

protected salt of phenylalanine 28 was instead treated with triphosgene 58 (Figure 2.3), a

safer alternative to phosgene, and coupling partner N-methylpiperazine

to yield the urea

30. Compound 30 was then subjected to hydrogenation to yield the free acid 31 in 66%

yield over two steps (Scheme 2.11).

Ph i) triphosgene o
CH20|2, NaHCO3, 0°C
HGRI OBn - (\N )k
Clé) o iiy N-methylpiperazine, 0°C /N\)
28
Ph

0
Hy, PA/C
2 - NJJ\N/EH/OH
EtOAc, MeOH, r.t. B N

31

66 % vyield
(2 steps)

Scheme 2.11: Synthesis of peptide residue 31

0] cl O <«
Cl | Cl
o g oo K
Phosgene Triphosgene
57 58

Figure 2.3: Phosgene and triphosgene

Under catalytic hydrothiolation conditions, alkyne 53 yielded vinyl sulfide 59 in

91% vyield, with 25:1 E-linear:branched isomer selectivity. Vinyl sulfide 59 was then
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oxidized to vinyl sulfone 60 in 81% yield. Enantiomeric excess (ee) was to be determined
at this stage. Originally, determination of enantiomeric excess was attempted using chiral
HPLC with UV detection. Enantiomers interact differently with the chiral column and
would have different elution times. However no suitable conditions were found to
separate the racemic substrates (alkyne 50 and racemic sulfones). Thus, our efforts turned
towards using supercritical fluid chromatography (SFC). Like chiral HPLC this method
requires racemic substrates to develop the correct separation conditions (See appendix A
for the separation of R/S alkyne 50 and R/S sulfone 61). However, recently due to
instrument failure we were unable to apply our conditions to our chiral substrates. We
therefore, decided to employ the use of chiral shift reagents, specifically Mosher’s acid

chloride (a-methoxy-a-trifluoromethylphenylacetic acid or MTPA) (62).

t+BuO__O tBuO. _O
= 3 mol% 34
tBuo.__N_Z = tBUO._N__x_S
\[Of : DCE, PhSH Y Y Tph
B r.t. 0O =
h ™
Ph Ph
53 59

91% yield 25:1 E:Branced

m-CPBA +-BUO N S N
S T]/ \/\/ “Ph
CHClI3, 0°C e} -\

Ph
60
81% yield

Scheme 2.12: Synthesis of enantioenriched vinyl sulfone 60

Mosher’s acid chloride when reacted with chiral amines and alcohols yields chiral
amides and esters, respectively.110111 Because Mosher’s acid chloride is chiral, the
products are diastereomers, which can be readily resolved in '"H NMR or ’F NMR

spectra (Figure 2.4). Mosher’s acid chloride is a good shift reagent as it lacks alpha
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protons that can lead to racemization.110111 This strategy required the isolation and
purification of 55. Alkyne 55 was treated with HCI in ether and salt 63 was removed
from the filtrate.112 This was essential, as we needed to eliminate the possibility of our
product reacting with the sulfinyl chloride of Ellman’s auxiliary 64. The ammonium
chloride salt (63) was dissolved CDCl3, reagent DIPEA was added followed by Mosher’s
acid chloride 62a and transferred to an NMR tube to give alkyne 65.113 A F NMR
spectrum of the crude alkyne 65 was obtained immediately. Unreacted Mosher’s acid
chloride was observed in the spectrum along with two peaks at 100:5 ratio 90% ee. The
relatively high ee was in accordance with the high d.r. observed in compound 54
(Scheme 2.10). If we assume that the following reactions in the synthesis conserve ee,
our synthesis is highly selective. However, this cannot be definitively determined until

the SFC is fully functional.

HSC/ CF3 F3C,' CH3
L__Cl L _ClI
Ph Ph
0 0
61a 61b

Figure 2.4 Mosher’s acid chlorides
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Scheme 2.13: Synthesis of alkyne derivative 65
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Alkyne hydrothiolation was also tested on a propargyl amine containing one tert-

butoxycarbonyl protecting group as well as Ellman’s sulfinamide auxiliary 66. If both the

sulfinamide and protected propargyl amine could be utilized in alkyne hydrothiolation,

this would eliminate two steps in the overall synthesis. Both groups could be readily

removed in the same step with acid. However, it was found that this product was

unreactive in our hydrothiolation protocol, possibly due to the unproductive coordination

of the sulfoxide or differing electronics (Scheme 2.14).

tBuO - \[4
= (Boc), >L 3 mpl% 34
oz oo [T omgu T
S DMAP, CH,CN S hSH -~ 87 Y "7 Ph
o) \ r.t. (0] \
Ph
55 66

52% yield

Scheme 2.14: Alkyne hydrothiolation of propargyl amine 67 containing Ellman’s

sulfinamide auxiliary and a zer-butoxycarbonyl protecting group.



We then proceeded to the coupling of fragments 60 with 31 (Scheme 2.15).
Protocols for the synthesis many of the K777 analogues use a coupling partner such as
EDC or DCC with HOBT (hydroxybenzotriazole) 68 as the racemization suppressor.
Unfortunately, HOBT 1is a dangerous explosive and cannot be shipped by sea or air.
HBTU (2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate) 69
is not only a coupling reagent but also a racemization suppressor and does not suffer from
the drawbacks as HOBT. Thus HBTU was used for our coupling reaction.114 Vinyl
sulfone 60 was subsequently treated with TFA to yield the TFA salt adduct 70. Adduct 70
was then coupled with acid 31 using HBTU to produce K777 in 64% estimated yield. In
the "H NMR spectrum there are more proton signals than expected. Potentially there is a
mixture of diastereomers if epimerization has occurred at this stage or racemization at
previous steps prior to coupling. Enantiopurity of vinyl sulfone 60 will be further verified
using SFC. One of the noticeable impurities is an ethyl group, which does not correspond
to our product or to any solvent/reagent impurities in CD,Cl,. This potential contaminant
may be triethylamine and due to interactions with our product its chemical shift may
differ. The overall yield of this ten-step synthesis was 21% (ignoring minor impurities).
The yield of the longest linear sequence (8 steps) was 31% (ignoring minor impurities).
These yields are comparable to Palmer’s eight-step synthesis at 34% overall yield
(Introduction section 1.6). Our synthesis has the possibility of being more cost efficient
with the elimination of homophenylalanine and safer with the elimination of phosgene for
triphosgene. Although the usage of rhodium is not ideal, potential methods of rendering
this catalyst recyclable are currently being developed in the Love group. It has also been
reported in the literature that Ellman’s auxiliary can be recycled.'”™ Indeed, we have
demonstrated that the auxiliary can be separated using simple filtration after removal with
acid (Scheme 2.13). With the two most costly reagents (Ellman’s auxiliary and
Wilkinson’s catalyst) of our synthesis having the possibility to be recycled our synthesis
may prove to be quite advantageous. However, an area that still needs improvement is
purification; column chromatography is not only tedious but solvent cost and waste is not
ideal. We have shown that we can carry our synthesis through three steps without
purification (Scheme 2.10) and we hope to eliminate more steps of purification upon

optimization of our synthesis.
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Figure 2.5: Structures of HOBT and HBTU
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Scheme 2.15: Synthesis of K777

With the successful synthesis of K777 (although purification methods are still

needed), we next turned our attention to the synthesis of analogues of K777. Our focus
was a modification of the aryl vinyl sulfone moiety (P;’ site of the peptide), as this
functional group is crucial for activity (acting as a Michael acceptor). In addition, few
modifications of the P’ site have been reported. We wanted to change the electronics of
the aryl ring as a means to alter the reactivity of the vinyl sulfone. We had previously

demonstrated the versatility of our methodology for a variety of aryl thiols. Our approach
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started with the synthesis of R/S analogues as a means to test the methodology and to
have a library of R/S compounds that could be used to establish separation conditions
with supercritical fluid chromatography. Table 2.2 contains the results of the various R/S
vinyl sulfide analogues synthesized 51, 71-75. Table 2.3 contains the results of the
various R/S vinyl sulfone analogues synthesized 61, 76-80. The yields of the R/S vinyl

sulfides were modest and the reaction was fairly selective for the E-linear isomers.

Table 2.2: Synthesis of R/S vinyl sulfide analogues

t-BuO.__O +BuO.__0O +BuO__O __Ar
. 3mol%34 S
B N ~ ————» tBuO N NN +BuO N
t “OY DCE, rt. i Ar* i
o) O o)
Ph SH Ph Ph
50
R
E-Linear Branched
Entry R Group Ratio? Yield®
1 H (51) >25:1 61%¢
2 CH; (71) 30:1 77%¢
3 OCH; (72) 17:1 65%4
4 cl (73) 14:1 62%¢
5 Br (74) 30:1 51%¢d
6 CF; (75) 25:1 67%¢

aRatio E-linear:branched isomer as determined by 'H NMR spectroscopy
bFollowing purification by column chromatography

CYield reported for most recent reaction

dAnalogues 71-75 synthesized once.
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Table 2.3: Synthesis of R/S vinyl sulfones

tBuO +BuO O
-CPBA \\ O
tBuO tBuO
51, 71-75

Entry R Group Yielda
1 H (61) 40%¢°
2 CH; (76) TBDb.c
3 OCH; (77) TBDbe
4 Cl (78) 31%¢
5 Br (79) TBDbe
6 CF; (80) 33%°

aFollowing purification by column chromatography

bYield to be determined shortly
¢Synthesized once

After the synthesis of the R/S analogues 51, 71-75, the same experimental
conditions were applied to the chiral propargyl amine 53 to produce enantioenriched
vinyl sulfides 59, 81-85 and subsequently vinyl sulfones 60, 86-90 (Tables 2.4-2.5). The
yield and selectivities vary from their R/S analogues. These variances in the vinyl
sulfides can be attributed to alkyne purity, thiol purity, increase in expertise of the
methodology, and glovebox atmosphere among many other factors. The yields of the
oxidation steps varied greatly. The same bottle of m-CPBA was used for both sets of
analogues. The oxidations of the R/S analogues were completed after the oxidations of

the enantioenriched analogues. The weight percent of m-CPBA was unknown but all

45



calculations were based on 77% wt. according to the label. Potential decomposition of m-
CPBA to meta-chlorobenzoic acid could attribute for some of the lower yields. Also
exposure to an acidic environment could cause deprotection of one or more of the tert-
butoxycarbonyl protecting groups, as these are acid sensitive. We observed in the
purification of the parent vinyl sulfone and some analogues most notably the CF3
analogue, potential isolation of some mono-protected products. However, we were unable
to confirm this at this time. If this is the case the mono-protected products can still be
used in the next step of deprotection. The enantioenriched vinyl sulfones 60, 86-90 were
then subjected to HBTU coupling conditions and five analogues of K777 were produced
(Table 2.6). Purification of these K777 analogues proved difficult. Column
chromatography could not suffice as a means of purification. Many purification methods
of K777 analogues currently in the literature use recrystallization methods, forming salts,
column chromatography or a mixture of these methods.>16472 However, on such a small

scale (100mg), complex purification methods can be challenging.
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Table 2.4: Synthesis of enantioenriched vinyl sulfide analogues

. +BuO._ _O +BuO__O __Ar
FBUO- 0 3 mol % 34 s
= +BuO._ _N NG N :
80 NP " oce PN BN
: (0] B o) B
o) \ \
SH
LS - al "
53 R
E-Linear Branched
Entry R Group Ratio? YieldP
1 H (59) 25:1 91%
2 CH; (81) 50:1 81%
3 OCHj; (82) 50:1 52%
4 Cl  (83) 50:1 88%
5 Br  (84) 50:1 80%
6 CF; (85) 50:1 84%

aRatio is E-linear:branched isomer as determined by 'H NMR spectroscopy
bYield after purification by column chromatography. Yield is of highest yielding reaction
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Table 2.5: Synthesis of enantioenriched vinyl sulfone analogues

- BUOYO t-BuO\’?O

m-CPBA o, .0
tBuO N\/\/S N - t-BUO\[]/N\/\/S
Wo( : | CH,Cly, 0 °C I ©\
N 7R h R
Ph Ph
59, 81-85

Entry R Group Yielda.b ee’
1 H (60) 81% TBD
2 CH; (86) 79% TBD
3 OCHj (87) 81% TBD
4 Cl (88) 68% TBD
5 Br  (89) 79% TBD
6 CF; (90) 61% TBD

aYield after purification by column chromatography

bYield of compound used for characterization

¢ enantiomeric excess will be determined by super critical fluid chromatography
once the instrument is back up and running
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Table 2.6: Synthesis of K777 and analogues

0.0 i) TFA/CH,Cl, i H NPy

t-BuOYN\/\)S\Q\ 0°C (\N N N\;/\/S
0 \ . > nJ "o \ [lR

ii)Acid 31, HBTU ~

Ph EtN, CHyCN Ph
60, 86-90
Entry R Group Yield? Overall Yield® Linear Yield®
1 H  (13) 64% 21% 31%
2 CHs (91) 75% 21% 32%
3 OCH; (92) 41% 8% 1%
4 Cl (93) 35% 9% 14%
5 Br  (94) 70% 19% 29%
6 CFs (95) 40% 9% 15%

2 Yield of semi-pure material after column chromatography

bOveral yield after ten step synthesis (includes crude yield)
CYield of the eight linear step sequence (includes crude yield)

23 Conclusions

We have demonstrated the utility of rhodium-catalyzed alkyne hydrothiolation in
the application of the total synthesis of K777, a potential therapeutic for Chagas’ disease.
This is the first use of alkyne hydrothiolation in total synthesis. Our synthesis avoided the
use of the expensive starting material, homophenylalanine, which was employed in the
original synthesis of K777. Our use of a chiral auxiliary to set the stereocenter allows us
to use an aldehyde of choice, in this case hydrocinnamaldehyde, but offers room for
further derivatization. Due to the versatility of the reaction scope we can use a variety of
thiols, which allowed us to efficiently generate five analogues although purification

methods are still needed.
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24 Experimental

2.4.1 General Procedures

Unless otherwise stated all glassware was flame dried under vacuum and back
filled with nitrogen. Manipulation of organometallic compounds was performed using
standard Schlenk techniques under an atmosphere of dry nitrogen or in a nitrogen-filled
MBraun drybox (O, < 2 ppm). Thin layer chromatography (TLC) was done using pre-
coated silica gel 60 F,s4 plates containing a fluorescent indicator; purification by
chromatography was done using Silica Flash P60 silica gel (230-400 mesh). The stain
used for visualization was KMnO,4. NMR spectra were recorded on Bruker Avance 300
or Bruker Avance 400 spectrometers. 'H and "*C chemical shifts are reported in parts per
million and referenced to residual solvent. Coupling constant values were extracted
assuming first-order coupling. The multiplicities are abbreviated as follows: s = singlet, d
= doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, td = triplet of
doublets, ddd = doublet of doublet of doublets, ddt = doublet of doublet of triplets. All
spectra were obtained at 25 ° C. Elemental analyses were performed using a Carlo Erba
Elemental Analyzer EA 1108. High resolution mass spectra were recorded using a Bruker
Esquire - LC and low resolution mass spectra were recorded on a Waters LC - MS.
Enantiomeric excess studies done on racemic substrates were attempted using a Thar
supercritical fluid chromatography (See Appendix II). Optical rotations were determined
using a Jasco P- 2000 polarimeter. The concentrations are reported in units of 1g
sample/100 mL of solvent (wt%) and specific rotation in degrees. The path length used
was 100mm and the temperature was 21 °C. Four measurements were averaged to give

the listed value. IR spectra were obtained from a Perkin Elmer - Frontier FTIR-ATR.

2.4.2 Materials and Methods

THF and toluene were dried by passage through solvent purification column. 1,2-
Dichloroethane (DCE) was distilled from molecular sieves and degassed prior to use.
Dichloromethane (DCM) and hydrocinnamaldehyde were dried over CaH, and distilled
prior to use. All liquid thiols were freshly distilled prior to use. Ellman auxiliary (S5)- (-)-
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2-Methyl-2-propanesulfinamide = and  HBTU  2-(1H-Benzotriazole-1-yl)-1,1,3,3-
Tetramethyluronium hexafluorophosphate were purchased from TCI America and used
without further purification. Isopropyl magnesium chloride (2.0 M in THF), TBAF tert-
butylammonium fluoride (1.0M in THF), m-CPBA meta-chloroperbenzoic acid (77% wt.
- remainder a mixture of meta-chlorobenzoic acid and water) and L-phenylalanine benzyl
ester hydrochloride was purchased from Sigma-Aldrich and used without further
purification. Acetonitrile (anhydrous), CDCls;, CD,Cl,, DMSO-ds and all other organic

reagents were obtained from commercial sources and used as received.

2.4.3 General Procedure for Hydrothiolation of R/S and Enantioenriched Alkynes
Using a Liquid Thiol

Wilkinson’s catalyst (33 mg, 0.036 mmol, 3 mol %) was measured out in the
glove box into a 10 mL round bottom flask equipped with a magnetic Teflon-coated stir
bar and stoppered with a rubber septum. The flask was removed from the glove box and
the catalyst was suspended in dry DCE (1.2 mL) under nitrogen to give a dark red
solution. To this solution was added thiol (1.2 mmol) using a microsyringe or a 1 mL
syringe where appropriate. A usual color change from the dark red solution to a lighter
red-brown was observed. In a separate 10 mL pear shaped flask under nitrogen, propargyl
amine (1.1 mmol) was dissolved in dry DCE (2.4 mL) and then transferred to the original
10 mL round bottom flask. Often upon addition of propargyl amine to the red brown
solution varying shades of green are observed. The remaining propargyl amine was then
transferred with further portions of dry DCE (2 x 0.6 mL). The flask was then covered
with aluminum foil and allowed to stir for 22 hours. Solvent was removed rotary
evaporation to yield a dark brown oil. The crude product was purified by silica flash

column chromatography

2.4.4 General Procedure for Hydrothiolation of R/S and Enantioenriched Alkynes
Using a Solid Thiol

Wilkinson’s catalyst (28 mg, 0.030 mmol, 3 mol %) was measured out in the
glove box into a 10 mL round bottom flask equipped with a magnetic Teflon-coated stir

bar and stoppered with a rubber septum. The flask was removed from the glove box and
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the catalyst was suspended in dry DCE (0.8 mL) under nitrogen to give a dark red
solution. In a separate pear shaped 5 mL flask under nitrogen solid thiol (1.1 mmol) was
added and dissolved in dry DCE (0.8 mL). This solution was then transferred via syringe
to the original flask containing the catalyst. A usual color change from the dark red
solution to a lighter red-brown was often observed. The remaining thiol was rinsed with
dry DCE (0.8 mL) and transferred to the catalyst solution. In a separate 10 mL pear
shaped flask, propargyl amine (1.0 mmol) was dissolved in dry DCE (0.8 mL) then
transferred to the original 10 mL round bottom flask. Often upon addition of propargyl
amine to the red brown solution varying shades of green are observed. The remaining
propargyl amine was then transferred with further portions of dry DCE (2 x 0.5 mL). The
flask was then covered with aluminum foil and allowed to stir for 22 hours. Solvent was
removed by rotary evaporation to yield a dark brown oil. The crude product was purified

by silica flash column chromatography

2.4.5 General Procedure for Oxidation of R/S and Enantioenriched Vinyl Sulfides
In a 50 mL round bottom flask equipped with a Teflon-coated magnetic stir bar,
vinyl sulfide (0.679 mmol) was dissolved in CH,Cl, (6.8 mL) and cooled to 0 °C. In a
separate pear shaped flask, 77% wt. m-CPBA (0.356 g, 1.49 mmol) was dissolved in
CH,Cl; (2.0 mL) then added to the original flask containing the vinyl sulfide. The flask
containing m-CPBA was further rinsed with CH,Cl, (2 x 0.5 mL) and added to the vinyl
sulfide solution. The solution was allowed to stir for 3 hours at 0 °C and a white
precipitate was often observed. The solution was quenched with an equal mixture of 10
% NaHSO; and saturated NaHCO3 (20 mL). The organic layer was separated and the
aqueous layer was extracted with CH,Cl, (3 x 20 mL). The organic layers were combined
and dried over Na,SO4 and the drying agent was then removed by gravity filtration.
Solvent was removed by rotary evaporation to give a crude light yellow solid or oil. The

crude product was purified by column chromatography.
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2.4.6 General Procedure for Coupling Reaction to Produce K777 and Analogues114

In a 10 mL round bottom flask equipped with a magnetic Teflon-coated stir bar,
vinyl sulfone was added (0.41 mmol) and dissolved in a 33 % TFA:DCM solution (2.8
mL) and allowed to stir at a 0°C solution for 1.5 hours. The solvent was removed by
rotary evaporation and then washed with additional toluene (2 x 10 mL) to remove the
remaining TFA. Anhydrous CH3CN (3.3 mL). acid 31 ( 116 mg, 0.400 mmol), Et;N
(0.11 mL, 0.796 mmol) and HBTU (0.147 g, 0.414 mmol) were added sequentially. The
solution was allowed to stir overnight. The solution was quenched with brine (10 mL)
and the layers separated. The aqueous layer was extracted with EtOAc (3 x 20 mL). The
organic layers were combined and washed with 2N HCI (12 mL), then water (12 mL),
then 5 % NaHCO; (12 mL) and finally one last water wash (12 mL). The combined
organic layers were dried over MgSQO4 and the drying agent was removed by gravity
filtration. The solvent was removed by rotary evaporation to yield a dark yellow solid.

The crude product was purified by silica flash column chromatography.

2.4.7 Syntheses of the R/S and Enantioenriched Alkynes

o} 0 PhSO,Na O SO,Ph
t-BuOJ\ NH, + HJ\/\ Ph HCO,H, tTH F/H20 +BuO N Ph
r.t.
43 39 44

In a 100 mL round bottom flask equipped with a Teflon-coated magnetic stir bar,
hydrocinnamaldehyde 39 (4.3 mL, 32.8 mmol) was dissolved in a mixture of THF (12
mL) and water (30 mL). 7ert-butyl carbamate (43) (3.50g, 29.8 mmol) was added,
followed by benzene sulfinic acid sodium salt (4.891g, 29.8 mmol) and formic acid (7.2
mL). The solution was allowed to stir overnight. The resulting solution contained a white

precipitate, which was removed by filtration. The off-white solid obtained was then
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dissolved in a minimum of warm ethyl acetate (heat gun), and then crystallized upon the
addition of hexanes (4:1 ratio hexanes/EtOAc). The solid was further precipitated in an
ice bath. The white solid was separated by vacuum filtration to afford 44 (7.62g, 68%
yield).

Data for 44:

'H-NMR (300 MHz; CDCl,): § 7.89-7.87 (m, 2H), 7.61 (d, J = 7.3 Hz, 1H), 7.55-7.50
(m, 2H), 7.31-7.16 (m, 5H), 498 (d, J = 10.5 Hz, 1H), 4.89-4.80 (m, 1H), 4.77-4.66 (m,
isomer), 4.66-4.53 (m, isomer), 2.92-2.53 (m, 3H), 2.14-2.01 (m, 1H), 1.22 (s, 9H), 1.10-

0.98 (s, isomer).

The isomer is assumed to be due to the hindered rotation of the carbamate as the

molecule hits on elemental analysis.

BC{'H} NMR (75 MHz; CDCly): & 153.6, 139.7, 136.9, 133.9, 129.3, 129.1, 128.7,
128.4, 126.5, 80.9, 70.2, 31.5, 28.13, 27.99

Element Analysis calculated for C;0HsNO4S: C, 63.97; H, 6.71; N, 3.73; O, 17.04; S,
5.84. Found: C, 64.20; H, 6.72; N, 3.56.

IR (FTIR, film): v = 3349, 2981, 2938, 1690, 1510, 1317, 1308, 1135 cm’".

HRMS, (ESI positive ion mode) m/z: calculated for C,0H2sNO4NaS : 298.1402. Found:
398.1406.
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T™S
i )Sgih\ Li—=—TMS o) i J\/\
-BuO H Ph > t_BUOJJ\N//\/\Ph t-BuO N Ph
THF -78°C H
a4
45 46

TMS-acetylene (1.5 mL, 10.7 mmol) was dissolved in dry THF (40 mL) in a 100
mL round bottom equipped with a Teflon-coated magnetic stir bar and cooled to -20 °C.
Dropwise over five minutes n-butyllithium (1.3M in THF, 8.3 mL, 10.9 mmol) was
added to the initial clear solution and turned bright orange. The Solution was allowed to
stir at this temperature for 30 minutes. In a separate 250 round bottom flask equipped
with a Teflon-coated magnetic stir bar, sulfone 44 was added and dissolved in dry THF
(13.3 mL) and cooled to — 78 °C. The resulting TMS-acetylide was then added dropwise
to the sulfone solution over five minutes. The reaction was allowed to stir at this
temperature for two hours. Following two hours the reaction was quenched with NH4Cl
(50 mL) and the organic layer was separated. The aqueous layer was extracted with
CH,Cl; (3x50 mL) and combined. The combined organics were dried over MgSQO4 and
filtered. The solvent was removed by rotary evaporation to yield a dark brown liquid.
Crude product was purified by silica flash column chromatography (hexanes/EtOAc,

20:1, r.f. 0.2) to afford 46 as a white solid (1.33g, 70%).
Data for 46:
"H-NMR (400 MHz; CDCls): & 7.28 (t, J = 7.4 Hz, 2H), 7.21-7.17 (m, 3H), 4.69 (br s,

1H), 4.45 (br s, 1H), 2.81-2.69 (m, 2H), 2.04-1.87 (m, 2H), 1.44 (s, 9H), 0.18 (s, 9H).

BC{'H} NMR (101 MHz; CDCls): & 154.9, 141.41, 141.38, 128.6, 126.1, 105.2, 88.2,
77.4,43.7,38.2,32.2,28.5,0.1

Elemental Analysis calculated for C19HoNO,Si: C, 68.83; H, 8.82; N, 4.22; O, 9.65; Si,
8.47. Found: C, 69.17; H, 8.99; N, 4.44.
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HRMS, (ESI positive ion mode) m/z: calculated for C;9H29NO,NaSi : 354.1865. Found:
354.1858.

T™MS

TBAF H
o | A 0 Jv
J\ THF, 0°C t-BuO)kN ~ph

+BuO” N Ph
H

46 47

Alkyne 46 was transferred to a 100 mL round bottom flask equipped with a teflon
magnetic stir bar, dissolved in dry THF (9.13 mL) and cooled to 0 °C. TBAF (1.0M in
THF, 36 mL, 36 mmol) was added over ten minutes. The reaction was quenched with
ammonium chloride and organic layers were separated. The aqueous layers were
extracted with CH,Cl, (3x 50 ml), combined, dried over MgSO4, and solvent was
removed by rotary evaporation to yield a dark brown liquid. The crude product was
purified by silica flash column chromatography (hexanes/EtOAc, 12:1, r.f. 0.2) to afford
free-alkyne 47 as a white solid (1.92g, 82% solvent accounted).

Data for 47:

'H-NMR (300 MHz; CDCl,): 6 7.36-7.30 (m, 3H), 7.26-7.21 (m, 1H), 4.76 (br s, 1H),
448 (br s, 1H), 2.89-2.73 (m, 2H), 2.37 (d, J = 2.3 Hz, 1H), 2.11-1.92 (m, 2H), 1.49 (s,
OH).

BC{'H} NMR (101 MHz; CDClLy): § 154.9, 141.1, 128.62, 128.57, 126.2, 83.4, 80.1,
71.6,42.7,37.9, 32.0, 28.5

Elemental Analysis calculated for C;¢HyNO,: C, 74.10; H, 8.16; N, 5.4; O, 12.34.
Found: C, 73.72; H, 8.35; N, 5.50.
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HRMS, (ESI positive ion mode) m/z: calculated for C;sHNO,;Na : 282.1470. Found:
282.1476.

BoclO t-BuO.__0O
+BuO__N__Z (Boc)z _
N — > t+BuO.__N._Z
5 DMAP,r tCHscN g
As 0]
Ph bh
47 50

Compound 47 was dissolved in dry CH3CN in a 100 mL round bottom flask
equipped with a Teflon-coated magnetic stir bar. To this clear solution was added 4-
Dimethylaminopyridine (DMAP) (0.628 g, 5.14 mmol) and di-tert-butyldicarbonate
(5.60g, 25.7 mmol). The solution was allowed to stir at room temperature overnight. The
solvent was removed by rotary evaporation to yield a dark brown oil. The crude oil was
purified by silica flash column chromatography (hexanes/EtOAc, 20:1, r.f. 0.31) to yield
a clear liquid 50 (4.76g, 77%).

Data for alkyne 50:

"H-NMR (400 MHz; CDCl;): & 7.31-7.27 (m, 1H), 7.20-7.17 (m, 3H), 5.02 (ddd, J = 8.4,
7.1, 2.5 Hz, 1H), 2.77 (ddd, J = 13.9, 9.9, 5.5 Hz, 1H), 2.65 (ddd, J = 13.8, 9.7, 6.6 Hz,
1H), 2.35 (d, J = 2.5 Hz, 1H), 2.37-2.27 (m, 1H), 2.16 (ddt, J = 13.3, 10.0, 6.7 Hz, 1H),
1.50 (s, 18H).

BC{'H} NMR (101 MHz; CDClLy): § 152.1, 141.1, 128.60, 128.56, 126.2, 83.1, 81.9,
71.9, 47.9, 36.0, 32.7, 28.2

Elemental Analysis calculated for C,;H,3NOy4: C, 70.17; H, 8.13; N, 3.90; O, 17.80.
Found: C, 70.40; H, 8.27; N, 4.15.
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HRMS, (ESI positive ion mode) m/z: calculated for C;;HyNO4Na : 382.1994. Found:
382.1991.

0
KHSO,
>LS/NH2 + H)K/\Ph — S,NWPh
5 PhCHj, 45°C 8

H
40b 39 41

Ellman’s auxiliary 40b (0.150 g, 1.23 mmol) was added to a 25 mL round bottom
flask equipped with a Teflon-coated magnetic stir bar, followed by toluene (13 mL),
KHSO4 (0.336 g, 2.47 mmol) and hydrocinnamaldehyde 39 (0.33 mL, 2.47 mmol). The
solution was then heated at 45 °C for 24 hours. The solution was filtered to remove
KHSO4 and the filtrate was concentrated by rotary evaporation to provide crude 41.
Crude 41 was purified by silica flash column chromatography (hexanes/eEtOAc, 9:2, r.f.
0.31) to yield a clear liquid (0.265 g, 91% yield).

Data for 41:
'"H-NMR (300 MHz; CDCL,): 0 8.16 (t,J = 4.2 Hz, 1H), 7.36-7.30 (m, 2H), 7.26-7.21 (m,

3H), 3.04-2.99 (m, 2H), 2.94-2.87 (m, 2H), 1.17 (s, 9H).

BC{'H} NMR (75 MHz; CDCly): 5 168.6, 140.4, 128.7, 128.4, 126.4, 56.7, 37.6, 31.5,
22.4

IR (FTIR, film): v = 3028, 2959, 2926, 1622, 1363, 1079 cm’".

HRMS, (ESI positive ion mode) m/z: calculated for C;3sHy)NOS: 238.1266. Found:
238.1267.

[a]p?': + 1.7 (¢ 0.6, CH,CLy)
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5 N CH,Cl,, -78°C I

a 54

In a 25 mL two neck round bottom flask equipped with a Teflon-coated magnetic
stir bar, isopropyl magnesium chloride (2.0 M in THF, 10.2 mL, 20.36 mmol) was added
and cooled to 0 °C. ®® Tetramethylsilylacetylene (2.9 mL, 20.36 mmol) was then added
dropwise. The solution was allowed to stir at 0 °C for 2 hours to form the Grignard
reagent. In a 100 mL round bottom flask equipped with a Teflon-coated magnetic stir bar,
41 (1.610 g, 6.79 mmol) and dry CH,Cl, (20 mL) were added and cooled to — 78 °C. The
Grignard reagent was then added drop wise over five minutes and CH,Cl, was used to
transfer the remaining (2 x 7 mL). The solution remained at — 78 °C for another 2 hours
and was allowed to warm to room temperature overnight. The solution was quenched
with NH4CI (50 mL) and extracted with EtOAc (3 x 40 mL). The organic layers were
combined, washed with brine (100 mL) and dried over Na,SO4. The drying agent was
removed by gravity filtration, and the solvent was removed by rotary evaporation to yield
a crude yellow oil. Crude 54 was purified by silica flash column chromatography

(hexanes/EtOAc, 3:1, r.f. 0.3) to yield a light yellow liquid of 54 (2.086 g, 92% yield).
Data for 54:
'H-NMR (300 MHz; CDCl,): 6 7.37-7.32 (m, 2H), 7.27-7.23 (m, 3H), 4.21-4.11 (m, 1H),

341(d,J=53Hz, 1H),2.92-2.76 (m, 2H), 2.18-1.98 (m, 2H), 1.27 (s, 9H), 0.24 (s, 9H).

BC{'H} NMR (75 MHz; CDCl;): § 141.2, 128.61, 128.56, 126.2, 105.1, 90.2, 56.2, 47.6,
38.6,31.9, 22.6, 0.0.

IR (FTIR, film): v =3499, 3170, 2957, 1654, 1044, 845 cm™".
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HRMS, (ESI positive ion mode) m/z: calculated for C;sH3o)NOSIiS : 336.1817. Found:
336.1819.

[a]p?': + 0.47 (¢ 0.23, CH,Cl,)

™S
H/

X N, FZ TBAF >L H i) HCI/CHZOH
- / 3
P — > S’N\/ x>
o) 2 THF, 0°C (“) : i) NaHCOg,

\ CH2C|2, (BOC)QO
Ph bh
54 55
t+BuO.___O
H
tBuo._N_ 7 tBUO._N_Z
\[O]/ : (Boc),0 \[(])/ :
—_—
D DMAP, CHsCN M
Ph Ph
56 53

In a 100 mL round bottom flask equipped with a Teflon-coated magnetic stir bar,
54 was added (4.113 g, 12.26 mmol) and dissolved in dry THF (12.3 mL) and a light
yellow solution was observed. The solution was cooled to 0 °C and tetrabutylammonium
fluoride (TBAF) (14.7 mL of a 1.0 M solution in THF, 14.7 mmol) was added drop wise
over five minutes and a red solution was observed. After stirring at room temperature for
30 minutes, the solution was quenched with water (20 mL) and the organic layer was
separated. The aqueous layer was extracted with EtOAc (3 x 20 mL). The combined
organic layers were washed with saturated NaHCO; and dried over Na,SO,4. The dying
agent was removed via gravity filtration and the solvent was removed by evaporation to
yield a crude yellow oil 55 that was used in the next step without purification.

In a 250 mL round bottom flask equipped with a Teflon-coated magnetic stir bar,
55 (12.26 mmol assume completion) was added and dissolved in MeOH (79 mL), and
HCI in MeOH (16.0 mL) was added. The resulting solution was allowed to stir at room
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temperature for 4 hours. The volatiles were removed by rotary evaporation and the
remaining product was transferred to a 500 mL round bottom flask equipped with a
Teflon-coated magnetic stir bar and dissolved in dry CH,Cl, (203 mL). NaHCO; (3.576
g, 42.6 mmol) was added followed by di-tert-butyldicarbonate (6.975 g, 31.9 mmol). The
mixture was allowed to stir at room temperature overnight then diluted with CH,Cl, and
filtered by gravity filtration. The remaining filtrate was concentrated by rotary
evaporation and transferred to a 50 mL round bottom flask. The crude mono-protected
product was dissolved in anhydrous CH3CN (71.3 mL) and 4-Dimethylaminopyridine
(DMAP) (0.784 g, 6.39 mmol) and di-tert butyl di-carbonate (5.668 g, 25.61 mmol) were
sequentially added to the flask and the solution was allowed to stir overnight. The
solution was concentrated by rotary evaporation to yield a crude brown oil. The crude
product was purified by silica flash column chromatography (hexanes:EtOAc, 12:1, r.f.
0.5) to yield a colorless liquid 53 (3.432 g, 79 % yield over 3 steps).

Data for 53:
'"H-NMR (300 MHz; CDCL,): 6 7.36-7.31 (m, 2H), 7.26-7.22 (m, 3H), 5.11-5.05 (m, 1H),
2.87-2.66 (m, 2H), 2.41 (d, J = 2.5 Hz, 1H), 2.44-2.32 (m, 1H), 2.22 (ddt, J = 13.3, 9.8,

6.8 Hz, 1H), 1.55 (s, 18H).

BC{'H} NMR (101 MHz; CDClLy): § 152.1, 141.1, 128.58, 128.56, 126.2, 83.1, 81.9,
71.9, 47.9, 36.0, 32.7, 28.2

IR (FTIR, film): v = 2986, 2947, 1743, 1703, 1137 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for C;;HyNO4Na : 382.1994. Found:
382.2004.
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In a 500 mL round bottom flask equipped with a magnetic Teflon-coated stir bar,
28 (2.50 g, 8.56 mmol) was added, dissolved in CH,Cl, (135 mL) and cooled to 0 °C.
Saturated Na,CO; (135 mL) was added to the solution and the solution was allowed to
stir for 30 minutes at 0°C. In a separate 10 mL round bottom flask, triphosgene (0.840 g,
2.84 mmol) was added and dissolved in dry CH,Cl, (3.5 mL). The triphosgene solution
was added dropwise to the original solution. The triphosgene flask was rinsed with more
CH,Cl; (2 x 1.8 mL) and these wasjed were added to the original 500 mL round bottom
flask. The solution was allowed to stir for an additional 30 minutes at 0 °C. The layers of
the solution were then separated and the aqueous layer was further extracted with CH,Cl,
(3 x 60 mL). The combined organic layers were dried over Na,SO4 and the drying agent
was removed by gravity filtration. The filtrate was cooled back to 0 °C and N-
methylpiperazine (0.94 mL, 8.47 mmol) was added to the solution. The mixture was
stirred overnight, then the solvent was removed to yield a a white solid, 30 which was
used without further purification.

In a 500 mL round bottom flask equipped with a magnetic Teflon-coated stir bar,
30 (3.195 g, ~ 8.38 mmol) was dissolved in a mixture of EtOAc (177 mL) and MeOH (71
mL). To this solution was added 10 % palladium on carbon (1.10 g) and the reaction was
stirred under a hydrogen atmosphere using a balloon filled with hydrogen gas overnight.

ETM

The catalyst was removed by filtration through a pad of CELIT and the filtrate was

concentrated by rotary evaporation to yield a white foam. Ethyl ether anhydrous was
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added to the white foam to form a white powder. The precipitate 31 was isolated from

vacuum filtration (2.139 g, 66 % yield over two steps).

Data for 31:

'H-NMR (400 MHz; DMSO-d,): § 7.28-7.22 (m, 4H), 7.21-7.17 (m, 1H), 6.51 (d,J = 8.2
Hz, 1H), 4.26 (td, J = 8.8, 4.8 Hz, 1H), 3.30-3.19 (m, 4H), 3.04 (dd, J = 13.8, 4.8 Hz,
1H),2.93 (dd,J=13.6,9.7 Hz, 1H), 2.23-2.16 (m, 4H), 2.16 (s, 3H).

BC{'H} NMR (101 MHz; DMSO): § 173.8, 156.9, 138.2, 128.9, 127.8, 125.9, 55.0,
54.1,45.4,43.2,36.6

HRMS, (ESI positive ion mode) m/z: calculated for C;sH;N305: 292.1661. Found:
292.1659.

t-BuO (0]
(Boc),0
A M7 2 T
ST DMAP, CHCN 5~
o B r.t. I z
N ° N
Ph bh
55 66

In a 10 ml round bottom flask equipped with a Teflon-coated stir bar alkyne 55
(0.201 g, 0.76 mmol) was added and dissolved in dry CH3CN (2.5 mL). DMAP (0.0280g,
0.23 mmol), followed by di-tert-butyldicarbonate (0.212 g, 0.91 mmol) were added and
the resulting solution was allowed to stir overnight. Solvent was removed by rotary
evaporation the next morning and the resultant yellow oil was purified by flash column
chromatography (hexanes/EtOAc 12:1, r.f. 0.25) to afford a colorless liquid 66 (0.145 g,
52% yield).
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Data for 66:

"H-NMR (400 MHz; CDCl;): & 7.29-7.25 (m, 2H), 7.21-7.16 (m, 3H), 4.44 (ddd, J = 8.8,
6.5,2.4 Hz, 1H), 2.77 (ddd, J=13.5, 11.5, 4.6 Hz, 1H), 2.59 (ddd, /= 13.7, 11.1, 6.1 Hz,
1H), 2.44-2.37 (m, 1H), 2.36 (d, J = 2.4 Hz, 1H), 2.08 (ddt, J = 12.7, 11.5, 6.3 Hz, 1H),
1.50 (s, 9H), 1.28 (s, 9H).

BC{'"H} NMR (101 MHz; CDCls): & 141.3, 128.59, 128.50, 126.0, 83.3, 82.3, 71.7, 60.9,
40.8,36.4,32.9,28.4,22.8.

HRMS, (ESI positive ion mode) m/z: calculated for C,oH29NO3;NaS: 386.1766. Found:
386.1760.

248 “F NMR Experiment Using Mosher’s Acid Chloride to Determine

Enantioselectivity

:i\ H ™S 1gar N _~Z HclEt,0 ®

N_Z , ;;\ N_Z 2 :i\ el Z

s N7 R S o
O = B 0

+ :
THF, 0°C SN cO:

Ph Ph Ph
54 55 64 63

In a 10 ml round bottom flask equipped with a Teflon-coated stir bar alkyne 54
(0.795 g, 2.37 mmol) was added , followed by THF (2.4 mL). The light yellow solution
was cooled to 0 °C and TBAF (3.6 mL of 1.0 M solution in THF, 3.60 mmol) was added
over two minutes to produce a reddish-brown solution. After 10 minutes the solution was
quenched with water (10 mL) and the organic layer was separated. The water layer was
extracted with EtOAc (3 x 10 mL). The organic phases were combined and washed with
NaHCOs; (30 mL), dried over Na,SO,4 and drying reagent was removed via gravity
filtration. The solvent was removed by rotary evaporation to give a crude orange oil. The
crude oil was purified by flash column chromatography (hexanes/EtOAc 2:1, r.f. 0.23) to
yield a clear liquid 55 (0.496 g, 79% yield).
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Data for 55:

'H-NMR (300 MHz; CDCl,): 6 7.32-7.27 (m, 2H), 7.22-7.19 (m, 3H), 4.05 (ddd, /= 6.9,
24,2.1 Hz, 1H), 3.36 (d, J = 6.7 Hz, 1H), 2.89-2.73 (m, 2H), 2.48 (d, J = 2.3 Hz, 1H),
2.14-1.96 (m, 2H), 1.21 (s, 9H).

BC{'H} NMR (75 MHz; CDCls):  141.0, 128.69, 128.59, 126.3, 83.5, 73.7, 56.3, 47.2,
38.5,31.8,22.7

Elemental Analysis calculated for C;sH)NOSSi: C, 64.42; H, 8.71; N, 4.17; O, 4.77; S,
9.56; Si, 8.37. Found: C, 64.64; H, 8.87; N, 4.27.

IR (FTIR, film): v = 3209, 3287, 2926, 2954, 1455, 1053 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for C;sHy,NOS: 264.1422. Found:
264.1426.

[a]p?': +0.371 (c 0.2, CH,Cl,)
In a 20 mL vial alkyne 55 (0.050 g, 0.189 mmol) was dissolved in Et,O.
HCI/Et,0O (0.4 mL 1.0M) was added in one portion, immediately an off-white precipitate

was formed. The precipitate was isolated by vacuum filtration and washed with Et,0O (3x

5 mL). The resulting off white powder 63 was used without further purification.
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Alkyne salt 63 (5 mg, 0.025 mmol) was dissolved in CDCIl; (0.4 mL) in a small
vial and DIPEA (0.013 mL) was added via microsyringe. To this solution Mosher’s acid
chloride 62a (77 mg, 0.031 mmol) was added and then the entire solution was transferred

to an NMR test tube. '’F NMR spectrum was recorded immediately.
Data for 65:

YF{'H} NMR (282 MHz; CDCI3): § -69.22 (minor isomer), -69.39, -70.4 (Mosher’s
Acid Chloride).
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2.4.9 Analytical Data

N

Ph Ph

48 49

Followed general procedure 2.4.3. Prepared from alkyne 50. Colorless liquid,
65% yield, 5:2 ratio of E-linear:branched isomers. Purification was completed using flash

column chromatography (hexanes/EtOAc 20:1, r.f. 0.25).

Data for mixture of 48/49:

'H-NMR (400 MHz; CDCL): & 7.49 (m, J = 7.2 Hz, branched impurity), 7.38-7.19 (m,
10H), 6.37 (d, J = 15.1 Hz, 1H), 5.80 (dd, J = 15.1, 6.4 Hz, 1H), 5.45 (s, branched
impurity), 4.99 (s, branched impurity), 4.86-4.83 (m, branched impurity), 4.57 (d, J = 6.2
Hz, 1H), 4.26 (br s, 1H), 2.76-2.63 (m, 2H), 2.12-1.90 (m, branched impurity), 1.93-1.81
(m, 2H), 1.48 (s, 9H).

BC{'H} NMR (101 MHz; CDCLy): § 155.2, 146.6, 141.4, 135.9, 135.3, 134.0, 133.3,

132.8, 129.6, 129.37, 129.17, 129.13, 128.58, 128.47, 128.1, 126.8, 126.13, 126.07,
115.1,79.6, 56.1, 52.5, 37.3, 37.0, 36.1, 32.42, 32.29, 29.8, 28.69, 28.56, 28.51, 28.3
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Followed general procedure 2.4.3. Prepared from alkyne 50. Colorless liquid,
61% yield, >25:1 ratio of E-linear:branched isomers. Purification was completed using
flash column chromatography (hexanes/ EtOAc 20:1, r.f. 0.29). For full characterization

see chiral analogue 59.

+BuO.__0O
t—BuO\ﬂ/N\/\/S
0
Ph
59

Followed general procedure 2.4.3. Prepared from alkyne 53. Colorless liquid,
89% yield (corrected for solvent). Purification was completed using flash column

chromatography (hexanes/ EtOAc 20:1, r.f. 0.29).

Data for 59:

'H-NMR (300 MHz; CDCl,): 6 7.43-7.24 (m, 10H), 6.44 (dd, J=15.2, 1.0 Hz, 1H), 6.14
(dd, J =15.2,7.6 Hz, 1H), 4.89-4.81 (m, 1H), 2.70 (t, J = 16.0 Hz, 2H), 2.36-2.23 (m,
1H),2.20-2.06 (m, 1H), 1.57 (s, 18H).

BC{'H} NMR (75 MHz; CDCL): § 152.9, 141.5, 135.1, 132.1, 129.8, 129.2, 128.52,
128.49, 126.9, 126.21, 126.06, 82.5, 58.3, 34.8, 32.9, 28.2
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IR (FTIR, film): v = 2987, 2940, 1736, 1698, 1392, 1368, 1140, 906 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for C,7H35NO4NaS: 492.2185. Found:
492.2193.

+-BuO.___0O
t—BuO\ﬂ/N\/\/\\S//
SR
Ph
60

Followed general procedure 2.4.5. Prepared from vinyl sulfide 59. White solid,
80% yield (corrected for solvent). Purification was completed using flash column

chromatography (hexanes/ EtOAc 7:1, r.f. 0.3)

Data for 60:

'H-NMR (400 MHz; CDCl,): 6 7.87 (dd, J = 8.5, 1.1 Hz, 2H), 7.63-7.58 (m, 1H), 7.54-
7.50 (m, 2H), 7.28-7.25 (m, 2H), 7.20-7.17 (m, 1H), 7.14-7.12 (m, 2H), 7.08 (dd, J =
15.3,5.0 Hz, 1H), 6.35 (dd, J = 15.3, 1.8 Hz, 1H), 4.96-4.90 (m, 1H), 2.68-2.56 (m, 2H),

2.28 (dtd, J = 13.7, 9.3, 6.4 Hz, 1H), 2.09-2.00 (m, 1H), 1.44 (s, 18H).

BC{'H} NMR (101 MHz; CDClLy): § 152.3, 146.0, 140.7, 140.5, 133.5, 130.7, 129.4,
128.7, 128.4, 127.8, 126.4, 83.4, 55.8, 33.9, 32.4, 28.1

IR (FTIR, film): v = 2987, 2940, 1732, 1688, 1342, 1309, 1334 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for C,7H35NOgNaS: 524.2083. Found:
524.2079.

[a]p?": +0.0835 (¢ 0.2, CH,Cly)
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Followed general procedure 2.4.5. Prepared from vinyl sulfide 51. White solid,
40% yield. Purification was completed using flash column chromatography (hexanes/

EtOAc 7:1, r.f. 0.30). For full characterization see analogue 60.

t—BUOYN N S\©\
Ph

71

Followed general procedure 2.4.3. Prepared from alkyne 50. Colorless liquid,
71% yield, 30:1 ratio of E-linear:branched isomer. Purification was completed using flash
column chromatography (hexanes/EtOAc 20:1, r.f. 0.20). For full characterization see

analogue 81.

t-BuO\n/N AN S\©\
© KV OCH,
Ph

72

Followed general procedure 2.4.3. Prepared from alkyne 50. Colorless liquid,

65% yield. 17:1 ratio of E-linear:branched isomer. Purification was completed using flash
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column chromatography (hexanes/ethyl acetate 25:1, r.f. 0.18). For full characterization

see analogue 82.
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Followed general procedure 2.4.4. Prepared from alkyne 50. Colorless liquid,
62% yield, 14:1 ratio of E-linear:branched isomer. Purification was completed using flash
column chromatography (hexanes/ EtOAc 30:1, r.f. 0.26) For full characterization see

chiral analogue 83.
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Followed general procedure 2.4.4. Prepared from alkyne 50. Colorless liquid,
51% yield, 30:1 ratio of E-linear:branched isomer. Purification was completed using flash
column chromatography (hexanes/EtOAc 30:1, r.f. 0.30). For full characterization see

analogue 86.
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Followed general procedure 2.4.3. Prepared from alkyne 50. White solid, 67%
yield, 30:1 ratio of E-linear:branched isomer. Purification was completed using flash
column chromatography (hexanes/EtOAc 30:1, r.f. 0.40). For full characterization see

analogue 85.
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Followed general procedure 2.4.5. Prepared from vinyl sulfide 75. Yield to be

determined. For full characterization see analogue 86.
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Followed general procedure 2.4.5. Prepared from vinyl sulfide 73. White solid,
31% yield. Purification was completed using flash column chromatography

(hexanes/EtOAc 30:1, r.f. 0.40). For full characterization see analogue 88.
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Followed general procedure 2.4.5. Prepared from vinyl sulfide 74. Yield to be

determined. For full characterization see analogue 89.
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Y o0
t-BUOTN NP
o] \©\
\g\/ .
Ph

80

Followed general procedure 2.4.5. Prepared from vinyl sulfide 75. Yield to be

determined. For full characterization see analogue 90.
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Followed general procedure 2.4.4. Prepared from alkyne 53. Colorless liquid,
81% yield, 50:1 ratio of E-linear:branched isomer. Purification was completed using flash

column chromatography (hexanes/EtOAc 20:1, r.f. 0.2).

Data for 81:

'H-NMR (400 MHz; CDCL,): 6 7.30-7.25 (m, 5H), 7.22-7.17 (m, 3H),7.13 (d,J=7.9
Hz,2H),6.34 (d,J =152 Hz, 1H),5.97 (dd,J = 15.1,7.7 Hz, 1H),4.75 (q, J = 7.7 Hz,
1H),2.62 (t,J = 8.0 Hz, 2H), 2.34 (s, 3H), 2.25-2.16 (m, 2H), 2.00-1.99 (m, 1H), 1.49 (s,
18H).

BC{'H} NMR (101 MHz; CDCL): & 154.0, 152.4, 145.3, 144.5, 137.5, 131.1, 130.0,
128.7, 128.4, 127.9, 126.4, 83.3, 55.8, 33.9, 32.5, 28.1, 21.7

IR (FTIR, film): v = 2977, 2934, 1738, 1700, 1367, 1340, 1138 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for C,gH37NO4NaS: 506.2341. Found:
506.2335.
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OCH;

Followed general procedure 2.4.3. Prepared from alkyne 53. Colorless liquid,
52% yield, 50:1 ratio of E-linear:branched isomer. Purification was completed using flash

column chromatography (hexanes/EtOAc 20:1 r.f. 0.2).

Data for 82:

'H-NMR (400 MHz; CDCL,): 6 7.35-7.31 (m,2H),7.27 (t,J =74 Hz,3H), 7.18 (t,J =
7.0 Hz, 3H), 6.89-6.85 (m, 2H), 6.31 (dd,J=15.1,0.7 Hz, 1H),5.85 (dd,J = 15.1,7.7
Hz, 1H),4.73 (q,J = 7.6 Hz, 1H), 3.81 (s, 3H), 2.61 (t,J = 8.0 Hz, 2H), 2.24-2.15 (m,

1H),2.07-1.98 (m, 1H), 1.49 (s, 19H).

BC{'H} NMR (101 MHz; CDCI3): § 159.6, 152.9, 141.6, 136.1, 133.5, 129.2, 128.50,
128.42, 126.0, 124.6, 115.0, 82.4, 58.4, 55.5, 35.0, 32.9, 28.2

IR (FTIR, film): v = 2986, 2934, 1738, 1699, 1367, 1340, 1244 cm’".

HRMS, (ESI positive ion mode) m/z: calculated for C,gH37NOsNaS: 522.2290. Found:
522.2271.
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Followed general procedure 2.4.4. Prepared from alkyne 53. Colorless liquid,
88% yield, 50:1 ratio of E-linear:branched isomer. Purification was completed using flash

column chromatography (hexanes/EtOAc 30:1, r.f. 0.26).

Data for 83:

'H-NMR (400 MHz; CDCL,): 6 7.30-7.23 (m, 7H), 7.20-7.16 (m, 3H), 6.30 (dd, J = 15.1,
09 Hz, 1H),6.08 (dd,J=15.1,7.5Hz, 1H),4.76 (q,J = 7.6 Hz, 1H), 2.62 (t,J = 8.0 Hz,

2H),2.27-2.18 (m, 1H), 2.10-1.99 (m, 1H), 1.49 (s, 18H).

BC{'H} NMR (101 MHz; CDCL): & 152.9, 141.4, 133.8, 133.2, 132.9, 131.0, 129.4,
128.57, 128.52, 126.1, 125.4, 82.6, 58.2, 34.7, 32.9

Elemental Analysis calculated for C,7H34CINO4S: C, 64.33; H, 6.80; Cl, 7.03; N, 2.78;
0, 12.70; S, 6.36. Found: C, 64.17; H, 6.76; N, 2.73.

IR (FTIR, film): v = 2983, 2944, 1739, 1699, 1368, 1323, 1086 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for C,7H34NO4NaSCl: 526.1795 Found:
526.1785.
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Followed general procedure 2.4.4. Prepared from alkyne 53. Colorless liquid,
80% yield, 50:1 ratio of E-linear:branched isomer. Purification was completed using flash

column chromatography (hexanes/EtOAc 30:1, r.f. 0.30).

Data for 84:

'H-NMR (400 MHz; CDCl,): 6 7.43-7.39 (m, 2H), 7.30-7.26 (m, 3H), 7.20-7.16 (m, 5H),
6.30 (dd,J=15.1,09 Hz, 1H), 6.09 (dd, J = 15.1,7.5 Hz, 1H),4.76 (q, J = 7.5 Hz, 1H),
2.62 (t,J =8.0Hz,2H), 2.27-2.18 (m, 1H), 2.08-1.99 (m, 1H), 1.49 (s, 18H).

BC{'H} NMR (101 MHz; CDCls): & 152.9, 141.4, 134.5, 133.5, 132.2, 131.1, 128.57,
128.52, 126.1, 125.1, 120.8, 82.6, 58.2, 34.6, 32.9, 28.2

HRMS, (ESI positive ion mode) m/z: calculated for C,7H34NO4NaSBr: 570.1290. Found:
570.1291.
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Followed general procedure 2.4.3. Prepared from alkyne 53. Colorless liquid,
84% yield, 50:1 ratio of E-linear:branched isomer. Purification was completed using

column chromatography (hexanes/EtOAc 30:1, r.f. 0.4).

Data for 85:

'H-NMR (300 MHz; CDCl,): 6 7.52 (d, J = 8.6 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H), 7.31-
7.26 (m, 3H), 7.22-7.17 (m, 3H), 6.35 (d, J = 15.2 Hz, 1H), 6.25 (dd, J = 15.2, 6.9 Hz,
1H), 4.81 (q,J = 7.7 Hz, 1H), 2.64 (t, J = 8.0 Hz, 2H), 2.33-2.20 (m, 1H), 2.13-2.01 (m,

1H), 1.51 (s, 18H).

BC{'H} NMR (75 MHz; CDCl3): § 129.6, 117.96, 117.82, 112.7, 105.25 (2C), 105.17
(20), 104.8, 102.8, 102.6, 100.0, 59.4, 34.8, 11.1, 9.5, 4.8

YF{'H} NMR (282 MHz; CDCl;): & -62.8

Elemental Analysis calculated for C,sH34F3NO4S: C, 62.55; H, 6.37; F, 10.60; N, 2.61;
0, 11.90; S, 5.96. Found: C, 62.28; H, 6.28; N, 2.55.

IR (FTIR, film): v =2981, 2934, 1735, 1713, 1699, 1338, 1138 cm’".

HRMS, (ESI positive ion mode) m/z: calculated for C,3H34NO4F3;NaS: 560.2058. Found:
560.2066.
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Followed general procedure 2.4.5. Prepared from vinyl sulfide 81. White solid,
79% yield. Purification was completed using flash column chromatography

(hexanes/EtOAc 7:1, r.f. 0.25).

Data for 86:

'H-NMR (400 MHz; CDCL,): 6 7.74 (d,J = 8.3 Hz,2H), 7.31 (d, J = 8.0 Hz, 2H), 7.28-
7.24 (m, 3H), 7.20-7.16 (m, 1H), 7.12 (d,J = 7.0 Hz,2H), 7.04 (dd, J = 15.3,5.0 Hz,
1H), 6.34 (dd,J =153, 1.8 Hz, 1H), 4.94-4.89 (m, 1H), 2.67-2.55 (m, 2H), 2.42 (s, 3H),
2.32-2.22 (m, 1H), 2.04 (ddt,J = 13.7,9.7, 6.7 Hz, 1H), 1.45 (s, 18H).

BC{'H} NMR (75 MHz; CDCls): § 152.3, 145.3, 144.5, 10.8, 137.5, 131.1, 130.0,
128.71, 128.45, 127.9, 126.3, 83.3, 55.8, 34.0, 32.4, 28.1, 21.7

Elemental Analysis calculated for C,sH;,NO(S: C, 65.22; H, 7.23; N, 2.72; O, 18.62; S,
6.22. Found: C,64.41;H,7.16; N, 2.83.

HRMS, (ESI positive ion mode) m/z: calculated for C,gH37NOgNaS: 538.2239 Found:
538.2251.

[a]p?": - 0.0260 (c 0.2, CH,CL,)
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Followed general procedure 2.4.5. Prepared from vinyl sulfide 82. White solid,
81% yield. Purification was completed using flash column chromatography

(hexanes/EtOAc 7:1, r.f. 0.26).

Data for 87:

'H-NMR (400 MHz; CDCl,): 6 7.79 (d,J = 9.0 Hz, 2H), 7.28-7.25 (m, 3H), 7.18 (t, J =
74 Hz, 1H), 7.14-7.12 (m, 2H), 7.04-6.96 (m, 3H), 6.33 (dd, J = 15.3, 1.8 Hz, 1H), 4.94-
4.88 (m, 1H), 3.86 (s, 3H), 2.68-2.55 (m, 2H), 2.32-2.22 (m, 1H), 2.08-1.99 (m, 1H), 1.45
(s, 18H).

BC{'H} NMR (101 MHz; CDCLy): § 163.7, 152.4, 144.7, 140.8, 134.0, 131.4, 130.1,
128.7, 128.5, 126.3, 114.6, 83.3, 55.83, 55.80, 34.0, 32.5, 28.1

Elemental Analysis calculated for C,sH37NO-S: C, 63.25; H, 7.01; N, 2.63; O, 21.07; S,
6.03. Found: C, 63.04; H, 6.94; N, 2.61.

IR (FTIR, film): v =2983, 2927, 1736, 1697, 1368, 1339, 1138 cm"".

HRMS, (ESI positive ion mode) m/z: calculated for C,3H37NO7NaS: 554.2188. Found:
554.2185.

[a]p?': +0.009 (c 0.2, CH,Cl,)
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Followed general procedure 2.4.5. Prepared from vinyl sulfide 83. White solid,
68% yield. Purification was completed using flash column chromatography

(hexanes/EtOAc 7:1, r.f. 0.25).

Data for 88:

'H-NMR (400 MHz; CDCl,): 6 7.80 (d, J = 8.5 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.27
(d,J =103 Hz, 3H), 7.19 (t, J = 7.3 Hz, 1H), 7.14-7.07 (m, 3H), 6.32 (dd, J = 15.3, 1.8
Hz, 1H), 4.96-4.90 (m, 1H), 2.68-2.56 (m, 2H), 2.28 (dtd, J = 13.6, 9.5, 6.1 Hz, 1H),
2.08-1.99 (m, 1H), 1.46 (s, 18H).

BC{'H} NMR (101 MHz; CDCLy): § 152.4, 146.8, 140.7, 140.3, 139.0, 130.3, 129.7,
129.3, 128.7, 128.4, 126.4, 83.5, 55.8, 33.8, 32.4, 28.1

IR (FTIR, film): v = 2981, 2938, 1742, 1700, 1094 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for C,7H34NOgNaSCl: 558.1693. Found:
558.1698.

[a]p?': - 0.1010 (c 0.2, CH,CL)
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Followed general procedure 2.4.5. Prepared from vinyl sulfide 84. White solid,
79% yield. Purification was completed using flash column chromatography

(hexanes/EtOAc 7:1, r.f. 0.3).

Data for 89:

'H-NMR (400 MHz; CDCl,): 6 7.72 (d, J = 8.7 Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H), 7.29-
7.25 (m, 3H), 7.21-7.17 (m, 1H), 7.14-7.07 (m, 3H), 6.32 (dd, J = 15.3, 1.8 Hz, 1H),
4.95-490 (m, J = 1.6 Hz, 1H), 2.69-2.55 (m, 2H), 2.28 (dtd, J = 13.6, 9.5, 6.2 Hz, 1H),
2.04 (ddt,J =134,94,6.6 Hz, 1H), 1.46 (s, 16H).

BC{'H} NMR (101 MHz; CDCLy): § 152.4, 146.9, 140.7, 139.6, 132.7, 130.3, 129.4,
128.82, 128.71, 128.4, 126.4, 83.5, 55.8, 33.8, 32.4, 28.1

Elemental Analysis calculated for C,7H34BrNO4S: C, 59.12; H, 6.25; Br, 14.57; N, 2.55;
0, 11.67; S, 5.85. Found: C, 59.45; H, 6.22; N, 2.49.

IR (FTIR, film): v =2981, 2938, 1742, 1700, 1111, 1090 cm".

HRMS, (ESI positive ion mode) m/z: calculated for C,7H34NOgNaSBr: 602.1188. Found:
602.1194.

[a]p?': +0.05 (c 0.2, CH,Cl,)
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Followed general procedure 2.4.5. Prepared from vinyl sulfide 85. White solid,
61% yield. Purification was completed using flash column chromatography

(hexanes/EtOAc 7:1, r.f. 0.3).
Data for 90:
'H-NMR (400 MHz; CDCl,): 6 7.99 (d, J = 8.2 Hz, 2H), 7.78 (d, J = 8.2 Hz, 2H), 7.28-

7.24 (m, 3H), 7.20-7.11 (m, 4H), 6.33 (dd, J = 15.3, 1.8 Hz, 1H), 4.96-491 (m, 1H),
2.69-2.56 (m, 2H), 2.33-2.24 (m, 1H), 2.04 (ddt, /= 13.5,9.3, 6.6 Hz, 1H), 1 .44 (s, 18H).

BC{'H} NMR (101 MHz; CDClLy): § 152.3, 148.0, 144.1, 140.6, 135.3, 129.7, 128.7,
128.4, 126.50, 126.39, 124.6, 121.9, 83.5, 55.8, 33.8, 32.4, 28.1

YF {'"H} NMR (282 MHz; CDCl3): & -63.5

IR (FTIR, film): v = 2983, 2928, 1738, 1699, 1347, 1303, 1084 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for C,3H34NOgF3NaS: 592.1957. Found:
592.1959.

[a]p?": +0.0485 (¢ 0.2, CH,Cly)
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Followed general procedure 2.4.6. Prepared from vinyl sulfone 60. Off-white
foam, 64% yield with slight impurities. Purification was completed using flash column

chromatography (CH,Cl,/MeOH 20:1, r.f. 0.28).

Data for 13:

'H-NMR (400 MHz; CDCL): 6 7.79 (d, J = 7.6 Hz, 2H), 7.61 (t, J= 7.6 Hz, 1H), 7.52 (t,
J=1.5Hz, 2H), 7.25-7.13 (m, 10H), 7.06 (d, /= 7.5 Hz, 2H), 6.80-6.75 (m, 2H), 6.30 (d,
J =14.8 Hz, 1H), 5.53 (br s, 1H), 4.55-4.47 (m, 1H), 4.32-4.23 (m, 1H), 3.57-3.38 (m,
4H), 3.16-3.05 (m, 1H), 3.04-2.94 (m, 1H), 2.91-2.71 (m, 4H), 2.67-2.46 (m, 3H), 1.86-
1.79 (m, 2H).

BC{'H} NMR (101 MHz; CD,CL): § 173.1, 157.2, 146.6, 141.0, 140.3, 137.1, 134.1,
131.3, 130.8, 129.9, 129.61, 129.48, 129.1, 128.84, 128.77, 127.8, 127.5, 126.5, 58.2,
49.8,47.6,44.6,42.2,37.9, 35.3,32.2, 8.9

IR (FTIR, film): v = 2927, 2875, 1629 cm’™.

HRMS, (ESI positive ion mode) m/z: calculated for Cs;yH3oN4O4S: 575.2692. Found:
575.2690.
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Followed general procedure 2.4.6. Prepared from vinyl sulfone 86. Off-white
foam, 75% yield with slight impurities. Purification was completed using flash column

chromatography (CH,Cl,/MeOH, 20:1, r.f.0.29).

Data for 91:

'H-NMR (400 MHz; CD,CL,): 6 7.66 (d,J = 8.3 Hz,2H),7.44 (d,J =83 Hz,),7.32 (d,J
= 8.0 Hz, 2H), 7.29-7.12 (m, 10H), 7.07-7.05 (m, 2H), 7.01-6.99 (m, ), 6.73 (dd,J=15.1,
47Hz,1H),6.69 (d,J =84 Hz, 1H),6.30 (dd,J=15.1,1.7 Hz, 1H), 541 (d, J = 6.0 Hz,
1H), 4.53-4.46 (m, 1H), 4.25-4.20 (m, 1H), 3.65-3.58 (m, 1H), 3.49-3.38 (m, 4H), 3.22-
3.11 (m, ), 3.13-3.06 (m, 1H), 3.01-2.90 (m, 1H), 2.84-2.74 (m, 4H), 2.65-2.47 (m, 1H),
2.57-2.53 (m, 3H), 2.39 (s, 3H), 1.87-1.80 (m, 2H).

BC{'H} NMR (101 MHz; CD,CL): 5 198.8, 172.6, 157.0, 145.5, 145.0, 140.8, 137.3,
136.9, 131.42, 131.24, 130.13, 129.96, 129.30, 129.21, 129.02, 128.88, 128.56, 128.48,
128.42, 128.27, 127.6, 127.29, 127.20, 126.25, 126.08, 57.8, 57.4, 49.5, 47.9, 44.8, 42.3,
42.0, 38.5,37.67, 37.50, 35.1, 33.8, 32.0, 21.3, 8.7

IR (FTIR, film): v =3042, 2929, 1662, 1627, 1525, 831 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for Cs;3H41N4O4S : 589.2849. Found:
589.2847.
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92

Followed general procedure 2.4.6. Prepared from vinyl sulfone 87. White foam,
41% yield with slight impurities. Purification was completed using flash column
chromatography (CH,Cl,/MeOH 15:1 r.f. 0.2). Appears to be much cleaner than other
analogues (See Appendix II).

Data for 92:

'H-NMR (400 MHz; CD,Cl,): 6 7.69 (d, J = 8.9 Hz, 2H), 7.26-7.12 (m, 8H), 7.04 (d, J =
6.9 Hz, 2H), 6.96 (d,J=9.0 Hz,2H), 6.74 (d,J = 8.6 Hz, 1H), 6.68 (dd, J = 15.2,4.9 Hz,
1H),6.30 (d,J =14.8 Hz, 1H),5.61 (d,J =54 Hz, 1H), 4.52-4.44 (m, 1H), 4.25-4.19 (m,
1H), 3.80 (s, 3H), 3.52 (s, 4H), 3.13-3.08 (m, 1H), 3.02-2.93 (m, 4H), 2.68 (s, 3H), 2.65-
2.56 (m, 1H), 2.52-2.44 (m, 1H), 1.85-1.79 (m, 2H).

BC{H} NMR (101 MHz; CD2CI2): § 173.3, 164.4, 157.2, 145.4, 141.0, 136.9, 131.5,
131.2, 130.2, 129.4, 129.2, 128.83, 128.76, 127.5, 126.5, 115.1, 65.7, 58.8, 56.2, 49.8,
44.4,41.7,37.9,35.1,32.3

IR (FTIR, film): v = 3033, 2938, 1639, 1525, 832 cm™".

HRMS, (ESI positive ion mode) m/z: calculated for Cs;3H4;N4OsS: 605.2798. Found:
605.2797.
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Followed general procedure 2.4.6. Prepared from vinyl sulfone 88. White foam,
35% vyield with slight impurities. Purification was completed using flash column
chromatography (CH,Cl,/MeOH 20:1, r.f. 0.28). Appears to be much cleaner than other
analogues (See Appendix II).

Data for 93:

'H-NMR (400 MHz; CD,Cl,): 6 7.69 (d, J = 8.9 Hz, 2H), 7.26-7.12 (m, 8H), 7.04 (d, J =
6.9 Hz, 2H), 6.96 (d,J=9.0 Hz,2H), 6.74 (d,J = 8.6 Hz, 1H), 6.68 (dd,J = 15.2,4.9 Hz,
1H),6.30 (d,J =14.8 Hz, 1H),5.61 (d,J =54 Hz, 1H), 4.52-4.44 (m, 1H), 4.25-4.19 (m,
1H), 3.80 (s, 3H), 3.52 (s, 4H), 3.13-3.08 (m, 1H), 3.02-2.93 (m, 4H), 2.68 (s, 3H), 2.65-
2.56 (m, 1H), 2.52-2.44 (m, 1H), 1.85-1.79 (m, 2H).

BC{'H} NMR (101 MHz; CD,CL): § 173.1, 157.4, 147.2, 141.2, 140.8, 139.3, 137.2,
131.1, 130.3, 129.65, 129.62, 129.4, 129.06, 128.90, 127.7, 126.8, 58.3, 50.1, 48.3, 45.0,
42.4,38.2,35.5,32.4,9.1

IR (FTIR, film): v = 3042, 2934, 1632, 1521, 1476, 835 cm’".

HRMS, (ESI positive ion mode) m/z: calculated for C3;H3sN4Q4SCl: 609.2302. Found:
609.2310.
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94

Followed general procedure 2.4.6. Prepared from vinyl sulfone 89. Off-white
foam, 70% yield with slight impurities. Purification was completed using flash column

chromatography (CH,Cl,/MeOH 20:1, r.f. 0.4).

Data for 94:

'H-NMR (400 MHz; CD,Cl,): 6 7.66 (s, 5H), 7.27-7.14 (m, 10H), 7.08-7.06 (m, 2H),
6.79 (dd,J=15.1,4.6 Hz, 1H), 6.71 (d,J =8.3 Hz, 1H), 6.29 (dd,J = 15.1, 1.7 Hz, 1H),
5.29 (s, 1H),4.56-4.49 (m, 1H), 4.31-4.23 (m, 1H), 3.46-3.33 (m, 4H), 3.09 (dd,J =139,
7.0 Hz, 1H),2.98 (dd,J =13.8, 8.1 Hz, 1H), 2.70-2.59 (m, 4H), 2.55-2.50 (m, 2H), 2.48
(s,3H), 1.88-1.77 (m, 2H).

BC{'H} NMR (101 MHz; CD,CL): & 173.0, 157.3, 147.2, 141.0, 139.4, 137.1, 130.4,
129.57, 129.48, 129.14, 128.95, 128.86, 128.75, 127.5, 126.6, 91.3, 66.2, 57.9, 49.8, 47.9,
45.2,42.8,37.9,35.3,32.2,9.0

IR (FTIR, film): v =3033, 2934, 1627.77, 1526, 1142, 834 cm’".

HRMS, (ESI positive ion mode) m/z: calculated for C3;H33N4O4SBr: 653.1797. Found:
653.1790.
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95

Followed general procedure 2.4.6. Prepared from vinyl sulfone 90. Off-white
foam, 40% yield with slight impurities. Purification was completed using flash column

chromatography (CH,Cl,/MeOH 20:1, r.f. 0.25).

Data for 95:

'H-NMR (400 MHz; CD,Cl,): 6 7.96 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 8.3 Hz, 2H), 7.33-
7.14 (m, 8H), 7.09-7.07 (m, 2H), 6.87 (dd,J=15.1,45 Hz, 1H), 6.72 (d,J = 8.4 Hz,
1H), 6.32 (dd,J = 15.1, 1.7 Hz, 1H), 5.29-5.28 (m, 1H), 4.59-4.53 (m, 1H), 4.36-4.30 (m,
1H),3.47-3.35 (m,4H),3.11 (dd,J=13.1,6.2 Hz, 1H),2.99 (dd, J = 13.9, 8.1 Hz, 1H),
2.67-2.58 (m, 4H), 2.56-2.51 (m, 2H), 2.46-2.42 (m, 3H), 1.93-1.76 (m, 2H).

BC{'H} NMR (101 MHz; CD,Cl,): 5 172.7, 157.3, 148.2, 144.3, 141.0, 137.2, 135.4,
130.0, 129.5, 129.12, 128.98, 128.86, 128.70, 127.4, 126.86, 126.82, 126.6, 125.0, 57.6,
49.7,47.7,45.2,42.9,37.9,35.4,32.2,9.0

YF{'H} NMR (282 MHz; CD,CL): § -63.8, -70.2, -72.7

IR (FTIR, film): v = 3039, 2931, 1625, 1321 cm’".

HRMS, (ESI positive ion mode) m/z: calculated for Cs;3H3sN4O4F5S : 643.2566. Found:
643.2560.
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3 Conclusions and Future Work

We have demonstrated the first utility of metal-catalyzed-alkyne hydrothiolation
in total synthesis. We successfully synthesized K777 in a ten step convergent synthesis in
21% overall yield and 31% yield over 8 linear steps. However these yields are only an
estimate at this time until we can improve on the method of purification. Due to the wide
substrate scope of our methodology we were able to synthesize five analogues of K777
that differed in the P’ site of K777 however these analogues also suffered from the same
purification problems with the exception of the chloride 94 and methoxy 92 analogues
which were produced much more cleanly.

We require ample amount of K777 analogues for proper purification. We will be
starting to increase our scale shortly. Also at this time we will explore alternative
protocols for oxidizing vinyl sulfides to sulfones to improve the yield of this step and
make it more atom economic.

We were able to improve on the cost of the synthesis by avoiding the use of the
expensive  unnatural amino acid homophenylalanine. Instead we used
hydrocinnamaldehyde 39 and an Ellman auxiliary 40b to form a chiral imine 41 (See
Scheme 2.10 p. 37). The addition reaction of Grignard to this chiral imine 41 proceeded
with high disastereselectivity and the selectivity was determined again after the removal
of the Ellman auxiliary with the use of Mosher’s acid chloride 62a. The exact
enantiomeric excess at various stages will be examined with supercritical fluid
chromatography in due course.

The use of Ellman’s auxiliary can lead to a wide range of analogues, as this is a
way to manipulate the P; site. Using a different starting aldehyde could potentially lead to
ways of incorporating complex unnatural side chains (Scheme 3.1). Since we have
demonstrated the utility of metal-catalyzed alkyne hydrothiolation to reach five
analogues, we hope to produce more analogues by using a wider range of aryl thiols with

various substitutions (Scheme 3.1).
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Scheme 3.1: Proposed method to accessing various K777 analogues

In order to demonstrate the reactivity of our current analogues 91-95 we will run a

proof of principle kinetic study according to a procedure done by Roush.115 The relative

rates of Michael additions of 2’-(phenethyl) thiol to acceptors 13, 91-95 can be monitored

using "HNMR spectroscopy. The reaction will be done in CDsOD, and CH,Cl, will be

used as an internal standard. The relative reaction rates can be determined from the

disappearance of vinyl proton signal of the starting material against an internal standard.

A large excess of 2’-(phenethyl) thiol will be used to promote pseudo-first-order kinetics

(Scheme 3.2). This will demonstrate the electronic capabilities of our analogues. An In-

vitro analysis with a collaborator through UBC’s Neglected Global disease initiative will
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be sought out. Although it is postulated that electron deficient ring systems should
increase the Michael acceptor reactivity of our analogues, minimal reactivity is essential

to avoiding reactivity with host cell cysteine proteases.

Ph
ph S o My IS Q.0
EtzN (\ N L N N J\/ S
13,9195 ~ — > R : \Q
Krelative N © \ R

Ph
Scheme 3.2: Proposed Kinetic study of K777 and analogues 91-95

In successfully demonstrating our ability to apply metal-catalyzed alkyne
hydrothiolation to total synthesis we would like to start applying our methodology to
more systems. A substrate of interest is griseoviridin (101) a promising antibiotic that
contains a branched vinyl sulfide and would showcase our other methodology for
synthesizing branched analogues using Tp*Rh(PPhs); as a catalyst (see Scheme 1.6 p.
21).116 Finally another set of irreversible cysteine protease inhibitors being explored in
our group is shown in figure 3.2. These cysteine protease inhibitors inhibit falcipain 2.
Like cruzain, falicipain 2, is crucial to the life cycle of an organism, specifically of
Plasmodium falciparum (P. falciparum) the causative organism of Malaria. Pursuit of
these different inhibitors could lead to effective therapeutics for the treatment of malaria.
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Figure 3.1 Griseoviridin
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Appendices
Appendix I:'H NMR and “C NMR Spectroscopic Data

Spectrometer Freq.: 400.19 MHz
C

Solvent: DCI
Temperature: 2938.96 K
Spectral Width: ~ 13.98 ppm L/M

Number of Scans: 16

o} F under O

lord

r T T T T T T T T T
ppm 10 9 8 7 6 5 4 3 2

"H NMR spectrum of compound 13
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Spectrometer Freq.:

100.64 MHz
D

Solvent: Cl
Temperature: Z99.§6 K
Spectral Width: 249.66 ppm
Number of Scans: 2231
bpn]ZéO 1é0 1%0 ;3 140 ‘ 120 ‘ 160 ‘ 85 ‘ 65 46 Zb
C {H}NMR spectrum of compound 13
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Spectrometer Freq.:

400.19 MHz
DMSO

Solvent:
Temperature: 322.86 K
Spectral Width: 13.98 ppm
Number of Scans: 16 O Ph
N 0
| A
f I T | i T ’ I i T ’ I i T
ppm 10 9 8 7 6 5 4 3
1
H NMR spectrum of compound 31
Spectrometer Freq.: 100.64 MHz
Solvent: DMSO
Temperature: 323.16 K
Spectral Width: 249.66 ppm
Number of Scans: 3069
r T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20

BC {H}NMR spectrum of compound 31
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Spectrometer Freq.: 300.13 MHz
Solvent: CDCl5
Temperature: 297.66 K
Spectral Width:  12.47 ppm
Number of Scans: 16

S/NV\/Ph

.

9 8 7 6 5 4 3
1
H NMR spectrum of compound 41
Spectrometer Freq.: 75.48 MHz
Solvent: CDCl5
Temperature: 297.66 K
Spectral Width: ~ 249.52 ppm
Number of Scans: 266
f | T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20

13C

{H}NMR spectrum of compound 41
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Spectrometer Freq.:

300.13 MHz
CDC

Solvent: 1
Temperature: 296.30 K
Spectral Width: 15.01 ppm
Number of Scans: 16
O  SO.Ph
+BuO N Ph
H
f I T | T I T I T
ppm 10 9 8 7 6 5 4 3
1
H NMR spectrum of compound 44
Spectrometer Freq.: 75.48 MHz
Solvent: DC1
Temperature: 297.§0 K
Spectral Width: 240.02 ppm
Number of Scans: 1256
r T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20

BC {H}NMR spectrum of compound 44
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Spectrometer Freq.: 400.19 MHz
Solvent: cDCl

Temperature: 2938.26 K

Spectral Width: ~ 13.98 ppm

Number of Scans: 16 TMS

I3 fl
tBuO N Ph
H
N J“M.__.A_JLA

f I T T r | i T ’ I i T ’ I i T T
ppm 10 9 8 ]

7 6 5 4 3
"H NMR spectrum of compound 46

Spectrometer Freq.: 100.64 MHz
Solvent: CDCl3
Temperature: 299.16 K
Spectral Width:  249.66 ppm
Number of Scans: 1954

f T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60

BC {H}NMR spectrum of compound 46
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Spectrometer Freq.: 300.13 MHz
Solvent: CDC14
Temperature: 295.50 K
Spectral Width: 15.01 ppm ‘ ‘
Number of Scans: 16 O
t-BuO H Ph
| S _JL j ‘«_J\J M~
f I T T r | i T ’ I i T ’ I i T ’ I ' T T |
ppm 10 9 8 7 6 5 4 3 2 1 0
1
H NMR spectrum of compound 47
Spectrometer Freq.: 100.64 MHz
Solvent: cDcl
Temperature: 258.96 K
Spectral Width: ~ 249.66 ppm
Number of Scans: 1693
| { . Wl
r T T T T T T T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20 0

BC {H}NMR spectrum of compound 47
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Spectrometer Freq.: 400.19 MHz
C

Solvent: . DCl3
Sooea Width: 13,98 ppm 5 Ph
Number of Scans: 16 H H
+BuO._ N S. +BuO._ N
I G e
O O
Ph Ph

M 1 o

f I
ppm 10

8 7 6 5 4 3 2 1 0
1 .
H NMR spectrum of a mixture of compounds 48/49
Spectrometer Freq.: 100.64 MHz
Solvent: DC1
Temperature: 298.%6 K
Spectral Width: 249.66 ppm
Number of Scans: 8510
LML I} L
‘ppm 260 18|O I wéo I 14|10 I 12‘0 I 160 I 8‘0 I 6|0 I 4‘0 I ZIO ' (IJ

BC {H}NMR spectrum of a mixture of compounds 48/49

108



Spectrometer Freq.: 400.19 MHz
Solvent: CDCI

Temperlaturszh 2937.26 K
Spectral Width: ~ 13.98 ppm
Number of Scans: 16 tBuO (0]

/

t—BuO\”/ N =
O

Ph
f I T T r | i T ’ I i T ’ I i T
ppm 10 9 8 7 6 5 4 3

"H NMR spectrum of compound 50

Spectrometer Freq.: 100.64 MHz
Solvent: CDCl5
Temperature: 297.86 K
Spectral Width:  249.66 ppm
Number of Scans: 340

f T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60

BC {H}NMR spectrum of compound 50
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tBuO (0]

Spectrometer Freq.: 300.07 MHz
C

Solvent:

DCl

Number of Scans:

3
T ture:  297.66 K =
Spectral Width: 12,47 ppm t-BuO N\//
16 \n/ -
O _\
Ph

f T
ppm 10

9 8 7 6 5 4 3

1 0
1
H NMR spectrum of compound 53
Spectrometer Freq.: 100.64 MHz
Temperature: 2938.56 K
Spectral Width:  249.66 ppm
Number of Scans: 791
‘ . ‘ ot o b ' o " L
T T T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20 0

BC {H}NMR spectrum of compound 53
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Spectrometer Freq.: 300.13 MHz
Solvent: CDCl5
Temperature: 297.66 K
Spectral Width:  12.47 ppm

Number of Scans: 16 H TMS
X N /
ST

Ph

r T T T T T T T T T T T
ppm 10 9 8 7 6 5 4 3 2 1 0

"H NMR spectrum of compound 54

Spectrometer Freq.: 75.48 MHz
Solvent: 3
Temperature: 297.66 K
Spectral Width: ~ 249.52 ppm
Number of Scans: 128

T T | i T T T T T T T T T T
140 120 100 80 60 40 20 0

BC {H}NMR spectrum of compound 54

T T T T
ppm 200 180 160

111



Spectrometer Freq.: 300.13 MHz
Solvent: CDCl5
Temperature: 295.30 K
Spectral Width: ~ 15.01 ppm

Number of Scans: 16 X H _
5N \//
\Ph

"H NMR spectrum of compound 55

Spectrometer Freq.: 75.48 MHz
Solvent: CDCl
Temperature: 296.20 K
Spectral Width: ~ 240.02 ppm
Number of Scans: 1264

| T T I T T T T I T T
ppm 200 180 160 140 120 100 80 60 40 20 0

BC {H}NMR spectrum of compound 55
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Spectrometer Freq.: 300.13 MHz
CDCL

Solvent: 3
Temperature: 295.10 K
Spectral Width: 15.01 ppm
Number of Scans: 16

tBuO N

+-BuO.___0O

W

\_/\/S\Ph

Ph

. e

f I
ppm 10

9 8 7 6 5 4 3 2 1 0
1
H NMR spectrum of compound 59

Spectrometer Freq.: 75.48 MHz

Solvent: DClg

Temperature: 295.60 K

Spectral Width: ~ 240.02 ppm

Number of Scans: 136
f | T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20 0

BC {H}NMR spectrum of compound 59
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Spectrometer Freq.: 400.19 MHz
CDCL

Solvent: 3
. S,
ectral Width: . a
Nﬁmber of Scans: 16 PP t Buo\’éo
0.0
+-BuO. N~ S
~
\n/ - Ph
0] '\
Ph

ppm 10 9 8 7 6 5 4 3

"H NMR spectrum of compound 60

Spectrometer Freq.: 100.64 MHz

Solvent: pCl

Temperature: 299.86 K

Spectral Width: 249.66 ppm

Number of Scans: 18324

\ ,

r T T T T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20

BC {H}NMR spectrum of compound 60
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Spectrometer Freq.: 282.39 MHz
CDC

Solvent: 1
Temperature: 297.%6 K
Spectral Width: 160.60 ppm
Number of Scans: 8

HsC CFay

: =
N
Ph :
O '\
Ph
T i I T T i T T T T T ’ T T T i T
-62 -64 -66 -68 -70 -72 -74 -76 -78

F NMR spectrum of compound 65
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Spectrometer Freq.: 400.19 MHz
Solvent: CDCl5
Temperature: 297.56 K
Spectral Width: ~ 13.98 ppm
Number of Scans: 16

r T . T
ppm 10 9 8

Spectrometer Freq.: 100.64 MHz

Solvent: cDcl

Temperature: 2938.46 K
Spectral Width:  249.66 ppm

Number of Scans: 1500

| ' I ! | ' I ! |
7 6 S 4 3

"H NMR spectrum of compound 66

T T T T T T T T T
140 120 100 80 60

BC {H}NMR spectrum of compound 66

116



Spectrometer Freq.: 400.19 MHz
CD

Solvent: Cl
Temper‘atl:ur‘e(:j h 3@0.%6 K
Spectral Width: 13.98 ppm
Number of Scans: 16 tBuO (0]
t-BuO\”/N\/\/S
O ‘\
Ph

f I
ppm 10

9 8 7 6 5 4 3 2
1
H NMR spectrum of compound 81
Spectrometer Freq.: 100.64 MHz
Solvent: DC1
Temperature: 307&6 K
Spectral Width: 249.66 ppm
Number of Scans: 2284
L H ‘ | ‘ . H |
" T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20

BC {H}NMR spectrum of compound 81
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Spectrometer Freq.:
Solvent:
Temperature:
Spectral Width:
Number of Scans:

400.19 MHz
pCl

313.16 K
13.98 ppm
2 +BuO_ O
FBUOT N X S
o) z
™ OCH;
Ph

f I
ppm 10

9 8 7 6 5 4 3 2
1
H NMR spectrum of compound 82

Spectrometer Freq.: 100.64 MHz

Solvent: pCl

Temperature: 313.%6 K

Spectral Width: 249.66 ppm

Number of Scans: 1500

| } ’ Lol ‘

" T T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20

C NMR spectrum of compound 82
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Spectrometer Freq.:
Solvent:
Temperature:
Spectral Width:
Number of Scans:

400.19 MHz
CDC

1
Z97.§6 K
13.98 ppm
16

tBuO 0]
t—BUO\”/ N X S
© \ cl
Ph

.
f I T | T I T I T I T |
ppm 10 9 8 7 6 5 4 3 2 1 0
1
H NMR spectrum of compound 83
Spectrometer Freq.: 100.64 MHz
Solvent: pCl
Temperature: 298.%6 K
Spectral Width: 249.66 ppm
Number of Scans: 858
" T T T T T T T T T T T T T T T T T T
ppm 200 180 160 140

120 100 80 60 40 20 0

BC {H}NMR spectrum of compound 83
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Spectrometer Freq.: 400.19 MHz
CDCL

Solvent: 3
Temperature: 297.16 K
Spectral Width: 13.98 ppm
Number of Scans: 16
+BuO.__O
t-BUOY N ~Xx S
O =
\ Br
Ph
Ik A
I T T ’ T ’ I T T ’ T T T T T T T T I
13 12 11 10 9 8 7 6 5 4

"H NMR spectrum of compound 84

Spectrometer Freq.: 100.64 MHz
Solvent: (@@l
Temperature: 297.%6 K
Spectral Width: 249.66 ppm
Number of Scans: 2232

T T T T T T T T | i T T T T T
ppm 200 180 160 140 120 100 80 60

BC {H}NMR spectrum of compound 84
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Spectrometer Freq.: 300.13 MHz

Solvent: Cl

Temperature: 295.%0 K t-BUO O

Spectral Width: 15.01 ppm

Number of Scans: 16

t-BuO\[( N XS
o )
™ CFs
Ph
J JJ\‘ ) L« i

f I T T | T I T I i T I T |
ppm 10 9 8 7 6 5 4 3 2 1 0

"H NMR spectrum of compound 85

Spectrometer Freq.: 75.47 MHz

Solvent: CDC15

Temperature: 295.70 K

Spectral Width: 240.03 ppm

Number of Scans: 307
T T T | T T T ’ [ T T i I T T ’ I
ppm 180 160 140 120 100 80 60 40 20 0

BC {H}NMR spectrum of compound 85
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Spectrometer Freq.:
Solvent:
Temperature:
Spectral Width:
Number of Scans:

282.38 MHz
nci,
296.10 K

349.47 ppm
16

50

T i T T I
0 -50 -100

F NMR spectrum of compound 85
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Spectrometer Freq.: 400.19 MHz
CDC

Solvent: 1
Temper‘a%ur‘eé h 293)7.?)6 K
Spectral Width: 13.98 ppm
Nﬂmber of Scans: 16 PP t‘BUO O
0.0
N\~7
t-BuO\”/N\/\/S
O _\
Ph
I A (R
f I T T r | i T ’ I i T ’ I i T
ppm 10 9 8 7 6 5 4 3

"H NMR spectrum of compound 86

Spectrometer Freq.: 100.64 MHz

Solvent: DC1

Temperature: 298.%6 K

Spectral Width: 249.66 ppm

Number of Scans: 1886
r T . T . T . T T T T T . T T T . .
ppm 200 180 160 140 120 100 80 60

BC {H}NMR spectrum of compound 86
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Spectrometer Freq.: 400.19 MHz
Solvent: CDC15
Temperature: 297.16 K
Spectral Width: 13.98 ppm
Number of Scans: 16
+BuO.___.O
N\~
t'BUOTN\/\/
O -
™ OCH;
Ph
)| A ) fon A
f I T T r | i T ’ I i T ’ I i T ’ I ' T |
ppm 10 9 8 7 6 5 4 3 2 1 0

"H NMR spectrum of compound 87

Spectrometer Freq.: 100.64 MHz

Solvent: DC1

Temperature: 298.%6 K

Spectral Width: 249.66 ppm

Number of Scans: 1024
f T T T T T T T T T T T T T T T T I T T T T
ppm 200 180 160 140 120 100 80 60 40 20 0

BC {H}NMR spectrum of compound 87
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Spectrometer Freq.: 400.19 MHz
Solvent: CDbCl

Temper‘atl:ur‘e(:j h 29736 K
Spectral Width: 13.98 ppm o
Number of Scans: 16 t BUO O
a2
t-BuO\ﬂ/N\/\/S
O )
™ o
Ph
I A han il

f I T T r | i T ’ I i T ’ I i T
ppm 10 9 8 7 6 5 4 3

"H NMR spectrum of compound 88

Spectrometer Freq.: 100.64 MHz

Solvent: DC1

Temperature: 298.%6 K

Spectral Width: 249.66 ppm

Number of Scans: 1432
f T T | T T T T r T i T T I T T
ppm 200 180 160 140 120 100 80 60

BC {H}NMR spectrum of compound 88
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Spectrometer Freq.: 400.19 MHz
Solvent: CDbCl
Temperature: 297.%6 K
Spectral Width: 13.98 ppm
Number of Scans: 32
+BuO.__.O
N\~
FBUOT N\/\/S
O =
\ Br
Ph
| A U
f I T T r | T I T I i T I T |
ppm 10 9 8 7 6 5 4 3 2 1 0

"H NMR spectrum of compound 89

Spectrometer Freq.: 100.64 MHz
Solvent: DC1l
Temperature: 298.§6 K
Spectral Width: 249.66 ppm
Number of Scans: 20000

f T T T T T T T T T T T T T T T T I T T T T
ppm 200 180 160 140 120 100 80 60 40 20 0

BC {H}NMR spectrum of compound 89
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Spectrometer Freq.:

400.19 MHz
Solvent: CDC15 t'BUO o
Temperature: 298.16 K
Spectral Width: 13.98 ppm O\ .
Number of Scans: 32 t'BUO N\/\/\ 7
\ CF;
Ph
f T T I T T T T T
ppm 10 9 8 7 6 S 4 3
1
H NMR spectrum of compound 90
Spectrometer Freq.: 100.66 MHz
Solvent: pCl
Temperature: 298.%6 K
Spectral Width: 249.61 ppm
Number of Scans: 11811
" { ldL ‘ ‘ " L L
e el b
" T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20

BC {H}NMR spectrum of compound 90
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Spectrometer Freq.:

282.38 MHz
CDC

Solvent: 1
Temperature: 298.%0 K
Spectral Width: 349.47 ppm
Number of Scans: 15
T T T T T i T T I i I I
100 50 0 -50 -100 -150 -200

F NMR spectrum of compound 90
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Spectrometer Freq.: 400.19 MHz
Solvent: CD,Cl
Temperature: 595.66 K
Spectral Width: ~ 13.98 ppm
Number of Scans: 32

[

K oL MN pqRrT

T T T T T T T T T T T T T T T
obom 10 9 8 7 3

6 5 4
"H NMR spectrum of compound 91

Spectrometer Freq.: 100.64 MHz

Solvent: CD,C1
Temperature: 323.16 K
Spectral Width: 249.66 ppm

Number of Scans: 6323

BC NMR spectrum of compound 91
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Spectrometer Freq.: 400.19 MHz

Solvent: ,Cl M
Temperature: 297.2% K o] HH FO_,0 AorD
Spectral Width: 13.98 ppm i N\/\/\\S/
Number of Scans: 32 @ N g © K
N E
oY L E\O R OMe
AorD
lord
0
B
D
A
I T T r | i T ’ I i T ’ I i T ’ I ' T T | !
ppm 10 9 8 7 6 5 4 3 2 1 0
1
H NMR spectrum of compound 92
Spectrometer Freq.: 100.64 MHz
Solvent: CD,C1
Temperature: 297.86 K
Spectral Width: 249.66 ppm
Number of Scans: 10000
T : . y - . | . . - T : T . T . T
ppm 200 180 160 140 120 100 80 60 40 20 0

BC NMR spectrum of compound 92
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Spectrometer Freq.:
Solvent:
Temperature:
Spectral Width:
Number of Scans:

400.19 MHz
D,C1
323.%6 «

N Ie) R/S
- M T
KorL Q
C
D
M
T
G M JU fUt MWJ)\J \
H
I T T r | i T ’ I i T ’ I i T ’ I ' T T | !
ppm 10 9 8 7 6 5 4 3 2 1 0

1

H NMR spectrum of compound 93
Spectrometer Freq.: 100.64 MHz
Solvent: (D,C1,
Temperature: 323.16 K
Spectral Width: 249.66 ppm
Number of Scans: 10000

" T T T T T T T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60

BC {H}NMR spectrum of compound 93
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Spectrometer Freq.: 400.19 MHz
Solvent: ,Cl
Temperature: 297.5% K KIL
Spectral Width: 13.98 ppm o HG D O_ 0
Number of Scans: 32 K\NXN N~ S
N Hho fa T \©\
o~ ¥ J G P Br
A
Horl
B
C
I T T r | i T I i T ’ I i T
ppm 10 9 8 7 6 S 4 3
1
H NMR spectrum of compound 94
Spectrometer Freq.: 100.64 MHz
Solvent: (D,C1,
Temperature: 298.06 K
Spectral Width: 249.66 ppm
Number of Scans: 2306
" T T T T T T T T T T T T T T T T
ppm 200 180 160 140 120 100 80 60 40 20

BC {H}NMR spectrum of compound 94
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Spectrometer Freq.: 400.19 MHz
Solvent: ,Cl,
Temperature: 299.36 K
Spectral Width: 13.98 ppm M
Number of Scans: 16 j.]\ iH EO O AorB
r/A\N N N\¢/*§%;S SN
N | ? (o) Q I =
p ~ K o CFs
N
lord
C
AB
D
|
N oP
e F H Ly Ko M Q
! T T i . T T T . T T i . T . T . T . i T T )
ppm 10 9 8 7 6 5 4 3 2 1 0

Spectrometer Freq.:
Solvent:
Temperature:
Spectral Width:
Number of Scans:

"H NMR spectrum of compound 95

100.64 MHz
CD,C1
299,66 K
249.66 ppm
1666

T
200 180

BC {H}NMR spectrum of compound 95

133



Spectrometer Freq.: 282.38 MHz
Solvent: HCL
Temperature: 295.76 K
Spectral Width: 349.47 ppm
Number of Scans: 8
T T T T T T T T I i I I
100 50 0 -50 -100 -150 -200

F NMR spectrum of compound 95
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Appendix II: Supercritical Fluid Chromatography Data

[obal &hsorhance

0.04 +
0.035 1
0.03 +

0.025 +

mAU)

= 002+

0.015

Absorbance

0.01 +

0.005 4

Uﬁ
-0.005 4+

RT: Ret. Time
A%: Area Perc

Al Area

| | |
L I S e e S e B B e e
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Run Parameters:

System: Thar Supercritical Fluid Chromatography

Column: OD-H Chiralpak
Co-solvent: Isopropyl alcohol
Temperature: 30.4 °C

CO; flow rate: 0.776 mL/min
Co-solvent flow rate: 0.024 mL/min
Co-solvent percentage: 3%

Total flow rate:0.8 mL/min

Back Pressure:121 bar

Front Pressure: 122 bar

PDA wavelength rage: 190 — 399 nm
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Run Parameters:

System: Thar Supercritical Fluid Chromatography
Column: OD-H Chiralpak
Co-solvent: Isopropyl alcohol
Temperature: 29.5 °C

CO; flow rate: 0.792 mL/min
Co-solvent flow rate: 0.008 mL/min
Co-solvent percentage: 1%

Total flow rate:0.8 mL/min

Back Pressure:123 bar

Front Pressure:127 bar

PDA wavelength rage: 190 — 399 nm
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