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Abstract

The presence of sulfur in numerous blockbuster drugs, natural products and other
medicinally active molecules necessitates the development of efficient methods for the
synthesis of carbon-sulfur bonds. Transition metal approaches towards the construction of C-
S bonds have largely aided in the synthesis of aryl thioethers and related functionalities.
However, few examples of catalytic processes demonstrate a tolerance for less reactive
aliphatic thiols, leading to a widespread belief of an incompatibility of these substrates in
catalytic C-S bond formation.

To this end, our group has demonstrated the first examples of rhodium-catalyzed
alkyne hydrothiolation processes for the synthesis of alkyl vinyl sulfides. The work detailed
in this thesis encompasses the use of Wilkinson’s catalyst in alkyne hydrothiolation for the
selective formation of E-linear alkyl and aryl vinyl sulfides. The substrate scope of this
process is quite general, tolerating a variety of useful functional groups capable of
undergoing further elaboration. Interestingly, alkyne substrates with adjacent heteroatoms
undergo a reversal of regioselectivity, often favouring the branched regioisomer relative to
the expected E-linear vinyl sulfide. The use of our catalytic alkyne hydrothiolation
methodology was applied to the synthesis of a promising cancer chemotherapeutic agent, ON
01910.Na, which shows broad-spectrum activity towards a large number of cancer cell lines.

Additionally, the reactivity of aryl and vinyl sulfides was evaluated within the context
of vinylogous thioesters capable of undergoing electrocyclizations. The development of a
Sonogashira cross-coupling thio-Michael addition sequence allowed for the synthesis of a
variety of heteroaromatic substituted vinylogous thioesters. The treatment of these substrates
with excess triflic acid proved optimal in facilitating cyclization to thiaindanone-type
products, a motif found in molecules with application towards the treatment of neurologic
diseases. The observation of interesting skeletal rearrangements suggests a competition
between the expected Nazarov cyclization and an intramolecular Friedel-Crafts acylation.

Lastly, a series of sidearm-substituted bisoxazolines were synthesized and a
preliminary investigation of their coordination chemistry is reported. The application of these
complexes towards a variety of asymmetric transformations, including the Nazarov

cyclization, 1s currently ongoing.
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Preface

Chapter 2 incorporates elements of a review published in Topics in Organometallic
Chemistry, as part of a special edition encompassing research towards the formation of C-X
bonds, where X is representative of a halogen or heteroatom. I wrote the original draft in its
entirety and assisted Dr. Jennifer Love in editing the manuscript prior to submission. Bichler,
P.; Love, J.A. Top. Organomet. Chem. 2010, 31, 39-64.

Chapter 3 is based on work conducted with Dr. Shiva Shoai in the laboratory of Dr.
Jennifer Love. I assisted in optimizing the reaction conditions, including solvent choice,
temperature and in assessing the compatibility of substrates involving more nucleophilic
thiols. Additionally, I synthesized and characterized several of the alkyl vinyl sulfides
reported. The discussion of any vinyl sulfides prepared by Dr. Shiva Shoai is clearly
indicated in the relevant sections of this thesis. The manuscript was written by Dr. Shiva
Shoai in conjunction with Dr. Jennifer Love and published in Organometallics, a journal
affiliated with the American Chemical Society. Shoai, S.; Bichler, P.; Kang, B.; Buckley, H.;
Love, J. A. Organometallics 2007, 26, 5778-5781.

Chapter 5 was published within a special edition of Inorganica Chimica Acta
dedicated to the memory of Dr. Swiatoslaw Trofimenko. I wrote the original draft in its
entirety and assisted Dr. Jennifer Love in editing the manuscript prior to submission. I
synthesized all the compounds reported with the exception of two substrates, which were
prepared by Mr. Alex Sun. The compounds prepared by Alex Sun are clearly indicated in the
relevant sections of this thesis. Dr. Brian Patrick, the departmental expert in crystallography,
conducted the acquisition and analysis of all solid-state structural data obtained by X-ray
crystallography. Bichler, P.; Sun, A. D.; Patrick, B. O.; Love, J. A. Inorg. Chim. Acta. 2009,
362,4546-4552.
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Chapter 1 The Revelance of Studying Organosulfur Compounds

The synthetic utility of sulfur containing molecules is often undermined by negative
stereotypes concerning the handling of these reagents. Typically this relates to the offensive
odours of this class of compounds, and the common misconception that sulfur “poisons”
transition metal catalysts. These preconceptions of sulfur are often misguided given the
prevalence of organosulfur compounds in the perfume and fragrance industries, as principle
aroma compounds present in several food products, and the presence of thiolate ligands in
the active sites of several iron and copper based metalloenzymes." Depicted in Figure 1.1
are select examples of organosulfur compounds that are commercially available food
additives, or formed during food preparation. Grapefruit mercaptan (1) and kahweofuran (2)
represent commercially available organosulfur compounds that occur naturally and are
responsible for the aroma of grapefruit and roasted coffee respectively. The cysteine
derivative (3) represents a volatile sulfide characteristic of Sauvignon white wine, and
compound 4 is released during the preparation of roast beef, and typically referred to as the

pleasant “meaty” smell that sulfur compounds can sometimes possess.””
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Figure 1.1 Example of Sulfur Containing Aroma Compounds

Of course, these pleasantries are often overshadowed by the more offensive aromas
produced by compounds 5-11, which run the gamut of smells associated with onion and
garlic, to the characteristic urine smell upon digestion of asparagus.”” These small molecules
demonstrate that structurally homologous organosulfur compounds (such as 3, 5, and 6) can
elicit a wide variety of responses from olfactory receptors. More importantly, this
demonstrates that small molecule compounds containing thiols, sulfides, and the more
oxidized derivatives (e.g., sulfoxides and sulfones) can give rise to a number of biological

responses. For this reason, organosulfur compounds have found extensive use as medicines,



most notably for the treatment of bacterial infections. Furthermore, oxidized derivatives, such
as vinyl substituted sulfones, are beginning to demonstrate considerable use in the inhibition
of parasitic proteases responsible for neglected illnesses such as Chagas disease and

malaria >
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Figure 1.2 Naturally Occurring Sulfur Odourants

This chapter serves to illustrate the importance of organosulfur compounds in
medicinal and synthetic chemistry. This will involve a discussion of historically relevant
organosulfur molecules encompassing early sulfonamide, penicillin and carbapenem
antibiotics. The evolution of vinyl sulfone based peptidomimetics as promising new therapies
for the treatment of cancer and neglected illnesses including malaria and Chagas disease will
be discussed as well. Lastly, select synthetic transformations that exploit the unique reactivity
of organosulfur compounds will be highlighted in conjunction with relevant examples

involving the synthesis of complex natural products.

1.1 Medicinal Chemistry of Organosulfur Compounds

Organosulfur compounds are widespread in medicinal chemistry, and the emergence
of these compounds can be traced back to studies involving anti-bacterial agents following
the First World War. It is speculated that the discovery of both the penicillin and sulfonamide
classes of antibiotics was largely inspired by the participation of Alexander Fleming and
Gerhard Johannes Paul Domagk in the British and German militaries. This research was
largely driven by the use of cresol and other antiseptics for the treatment of war related
injuries. This was largely unsuccessful in preventing the onset of bacterial infections, thus

necessitating the development of more effective antibiotic medications."



1.1.1  Early Sulfonamides

The development of the first aryl sulfonamide antibacterial was accomplished at
Bayer, where Domagk tested a variety of synthetic azo dyes in the treatment of streptococcal
infections. The most potent of these compounds tested was the red azo dye, later named
Prontosil. Related research by French chemists identified Rubiazol as a similarly effective
antibacterial compound. More importantly this same group of scientists discovered that the
reduced form of the azo dye was also an effective antibacterial agent leading to the discovery
of sulfanilamide. The identification of this simplified form of Prontosil allowed for the
synthesis of a diverse library of compounds for the treatment of bacterial infections, thus
establishing the sulfonamide as an important functionality in drug design. The prevalence of
the sulfonamide functionality in medicinally active molecules led to the collective

designation of these compounds as sulfa-drugs.
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Figure 1.3 Early Sulfonamide Drugs

1.1.2  Discovery of Penicillin

A similar breakthrough in medicinal chemistry was accomplished with the discovery
of penicillin by Alexander Fleming, who observed the growth of a fungus within a Petri dish
containing staphylococci. This fungus appeared to be destroying neighboring bacterial cells,
and Fleming later began using the filtrate from similar fungal growths in the treatment of
various infections. This spurred an enormous amount of research between the British and
American governments in order to develop scalable synthetic and fermentation processes for
the production of the various penicillins (Figure 1.4). At the core of these molecules is the
strained P-lactam fused to the sulfur containing thiazolidine ring. The marked instability of
these functionalities deterred scientists from fully investigating the potential of the penicillins
as chemotherapeutic treatments for bacterial infections.' Despite the efforts of some of the
most prominent figures in organic chemistry, a successful total synthesis of one of these

molecules was not reported until almost a decade following the Second World War. This was



largely made possible by the structural elucidation of penicillin G by Professor Dorothy
Crowfoot-Hodgkin at Oxford University. As with many synthetic endeavours, the synthesis
of penicillin V rested upon the invention of a new synthetic technology, which involved the
construction of amide bonds under neutral conditions. This was in relation to the long
recognized instability of the B-lactam functionality to acid hydrolysis. The results of this

effort represent the invention of N,N’-dicyclohexylcarbodiimide.
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Figure 1.4 Selected Penicillins

The discovery of the sulfonamide family of antibiotics and the penicillins established
the reputation of organosulfur compounds as possessing valuable biological activity in the
treatment of bacterial infections. However, the continued clinical use of these medications
inevitably led to the development of bacterial resistance towards this class of antibiotics. This
necessitated the discovery and synthesis of compounds with similar broad-spectrum

applicability in order to effectively treat patients with resistant strains.

1.1.3  Sulfonamide Resistance and Mechanism of Action

The primary mechanism that underlies the bacteriostatic nature of sulfonamides is the
inhibition of the enzyme dihydropteroate synthase (DHPS). The sulfonamides typically act as
antagonists towards DHPS, preventing the recognition of p-aminobenzoic acid (PABA) and

thus arresting the production of folic acid and halting bacterial growth.
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Figure 1.5 PABA, Sulfanilamide and Folic Acid
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The structural homology of the sulfonamide antiobiotics to PABA is likely why these
molecules can can act as antagonists to DHPS and prevent the formation of dihydropteroic
acid, a synthetic precursor to folic acid. The competitive binding of a sulfonamide antibiotic
prevents the proper union of PABA and 7,8-dihydro-6-hydroxymethylpterin pyrophosphate
(DHPPP). This inhibition leads to the formation of metabolites which are unrecognized in
subsequent transformations in the synthesis of folic acid, leading to the expulsion of these
substances from the cell. This is selective for bacterial cells, as human cells possess

mechanisms for the transport of folic acid.***'
o
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Figure 1.6 DHPS Mediated Synthesis of Dihydropteroic Acid

The development of resistance towards the sulfonamides is largely due to evolution of
the DHPS enzyme, specifically in the PABA and sulfonamide binding regions, depending on
the microorganism studied. This does not necessarily reflect mutation of residues residing in
the active site of DHPS, as isolated enzymes have shown a variety of mutations occurring
throughout the protein. In general, these modifications substantially decrease the binding
affinity of a sulfonamide antibiotic to DHPS, and sometimes only slightly increase the

binding of the native substrate PABA.

1.1.4  Penicillin Mode of Action

Unlike the sulfonamide molecules, the B-lactam antibiotics are generally classed as
bactericidal, where the mechanism of action effectively destroys bacterial cells, rather than
arresting their growth. This is accomplished through the binding of the drug molecule to
penicillin binding proteins (PBPs), where the sensitive P-lactam moiety is cleaved by a
nucleophilic amino acid residue such as serine. This effectively forms a covalent link
between the P-lactam antibiotic and the penicillin binding protein, which leads to the

interruption of peptidoglycan synthesis necessary for the maintenance of the bacterial cell



wall. The mechanism for which peptidoglycan synthesis is interrupted relates to the ability of
B-lactam antibiotics to geometrically mimic the D-Ala-D-Ala peptide bond present in the
peptidoglycan. This residue is substituted with a diaminopimelic acid (DAP) unit, from a
neighbouring peptidoglycan strand, thus generating the necessary cross-linkage. This in turn
influences the balance between peptidoglycan degrading and synthesizing enzymes, where
inhibition of the latter will cause the degradation to become dominant. This can eventually
lead to the destruction of the cell wall, or the weakening of the peptidoglycan cross-links,

which can lead to rupture under high osmotic pressures.”> >

Figure 1.7 Abbreviated Structure of Peptidoglycan

1.1.5 Second Generation Sulfur Containing Antibiotics

The development of resistance towards sulfonamide and -lactam antibiotics led to
the development of novel therapies that combat the evolution of destructive f-lactamase
enzymes, or improve substrate binding. This led to the development of second-generation
antibiotics consisting of the carbapenem, cephalosporin, and [-lactamase inhibitors that serve
to enhance the effectiveness of antibiotic medications. The most recognizable members of
these families to organic chemists are thienamycin and cephalosporin C, as these molecules
represent landmarks in chemical synthesis conducted by Merck Sharp and Dohme (Rahway)

and R.B. Woodward, respectively.** **
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Figure 1.8 Carbapenem and Cephalosporin Families and Select Examples

The carbapenem and cephalosporin antibiotics both contain the pharmacophoric 3-
lactam moiety and thus have similar biological activity to the structurally homologous
penicillins. These compounds were an initial victory in battling bacterial resistance; however,
bacteria eventually overcame the structural novelty of these classes of antibiotics. This was
accomplished either through the further evolution of -lactamase enzymes or in the penicillin
binding proteins that these compounds target. The continued development of this class of

antibiotics is represented in the three generations of cephalosporin related drugs marketed by

GlaxoSmithKline (Figure 1.9).%

first-generation second-generation

-0

oy vt
/ S
j;:)v />— ° OJ;I\TW)VOYNHz

COOH N\N
COOH O

Cefazolin Cefuroxime

third-generation
(0}

MOH

N-O
W
C0,©
Ceftazidime

Figure 1.9 Three Generations of Cephalosporin Antibiotics



The general mechanism associated with this class of antibiotic involves the formation
of an acyl enzyme complex via the addition of a nucleophilic amino acid residue present
within the enzymatic active site. This can lead to expulsion of the R’ side chain characteristic
of the cephalosporins. As may be expected with structures such as ceftazidime, the R’ group
may improve solubility at the cost of increased toxicity, as this compound has been noted to

produce unacceptable levels of pyridine at physiological temperature.”’
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Figure 1.10 Mechanism of §-Lactam Opening and Expulsion of Pyridine

As a means of balancing the susceptibility of the penicillin, carbapenem, and
cephalosporin antibiotics towards (3-lactamase enzymes, these medications may be prescribed
along with an inhibitor for these enzymes. These inhibitors are designed to react
preferentially with the (-lactamase enzyme, allowing the antibiotic to reach its target
unscathed. As a result, the B-lactamase inhibitors bear significant structural similarity to the
antibiotic, but contain a more oxidized variant of the thiazolidine, where the sulfide is
replaced by the corresponding sulfone. This likely enhances the formation of the acyl enzyme
complex by further decreasing the already diminished C-N double bond character of the f3-
lactam amide. The two typical (-lactamase inhibitors prescribed are sulbactam and

tazobactam (Figure 1.11).
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Figure 1.11 Common f-Lactamase Inhibitors Used in Combination Therapies



1.1.6 Summary of Sulfur Containing Antibiotics

As discussed in the preceding sections, organosulfur compounds are ubiquitous in
medicinal chemistry, especially in therapies for the treatment of bacterial infections.
Considerable effort has been devoted to the continued synthesis of these organosulfur
compounds, particularly the cephalosporin antibiotics. However, the advances made in
identifying medicinal targets stemming from this family of molecules are always marred by
the eventual development of bacterial resistance. This has led to the implementation of f3-
lactamase inhibitors, used in combination therapies, as a means of preventing the degradation
of the active pharmaceutical ingredient.”® The pharmacophore typically associated with these
drug molecules is the B-lactam nucleus, which is common among all molecules discussed
thus far, with the exception of the early sulfa-drugs (Section 1.1.1). This likely suggests that
a description of the role of sulfur in these drug molecules is largely conformational in nature,
where the five and six-membered sulfur containing rings play a significant role in orienting
the f-lactam within the enzyme active site.

The following section will discuss organosulfur compounds where the sulfur
containing functionality is directly involved in the mechanism of action. This specifically
relates to vinyl sulfone peptidomimetics, which act as irreversible Michael-acceptors with
applications towards the inhibition of various cysteine proteases. These compounds represent
promising new therapies for the treatment of neglected illnesses, including parasitic

infections.

1.2 Sulfur Containing Peptidomimetics

As mentioned in Section 1.1.4, P-lactam antibiotics can mimic the D-Ala-D-Ala
peptide bond present in peptidoglycan, thus interfering with the enzymes responsible for
cross-linking individual peptidoglycan units. This will often lead to errors in the generation
and repair of bacterial cell walls, and an imbalance of peptidoglycan synthesis and
degradation enzymes, eventually culminating in cell rupture.”” The development of novel
cephalosporins that contain peptide fragments characteristic of peptidoglycan synthesizing
enzymes represents a new strategy to combating resistance to typical therapies involving this
class of molecules. The successful synthesis of one such cephalosporin, and its incubation

with Streptomyces sp. strain R61, led to the isolation of a covalently bound inhibitor-enzyme



complex. In the figure below, the red substituent represents the portion of the cephalosporin
(12) that mimics the D-Ala-D-Ala peptide bond. This group eventually becomes bound to a
serine residue present within the active site of a penicillin binding protein. The portion of the
molecules highlighted in blue are thought to help mimic the diaminopimelic acid residue
from a neighbouring peptidoglycan unit. This residue is typically responsible for the
generation of the peptide cross-linkage necessary for cell wall synthesis. By binding the
inhibitor to a PBP, the investigators were able to use crystallography in identifying key
residues in the enzyme active site that interact with the acyl-enzyme complex during cell wall
synthesis. The solid state crystallographic data obtained for this complex provides critical
information regarding the final step of bacterial cell wall synthesis and will inevitably aid in

the design of novel antibiotic compounds.”’
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Figure 1.12 Cephalosporin Peptidomimetic

The success of the example discussed above represents a popular field of drug design,
where structural and biological properties associated with endogenous molecules, like
peptides, are mimicked within a small molecule. These so called peptidomimetics represent
attractive therapies in comparison to the clinical use of naturally occurring peptides. This

relates to the rapid excretion, poor selectivity, and rapid proteolysis in serum and the

10



gastrointestinal tract, which effectively make natural peptides less bioavailable. These
shortcomings are at least partially overcome by the use of peptidomimetics, where medicinal
chemistry efforts can aid in creating a therapeutic agent with greater resistance to the
aforementioned degradation pathways.”® One area where peptidomimetics have found
considerable use is in the inhibition of cysteine proteases, enzymes commonly linked to
several illnesses and parasitic infections. Some of the most successful inhibitors of this class
of enzymes take advantage of the tendency for the cysteine sulfur to engage in Michael-
addition with an appropriate electrophilic acceptor. The application of various electrophiles,
including the vinyl sulfone Michael-acceptors, towards cysteine protease inhibition is

discussed in the following section.

1.2.1 Peptidomimetics Containing Sulfur-Based Michael-Acceptors

The over expression of cysteine protease enzymes has been linked to several major
illnesses including cancer, arthritis, osteoporosis, and cardiovascular diseases.’! Additionally,
several parasites are known to accumulate nutrients or invade healthy cells based upon the
availability of cysteine proteases.”” This has attracted considerable interest from academia
and pharmaceutical based medicinal chemistry groups, as inhibition of parasitic or
endogenous cysteine proteases may yield valuable therapeutic effects. Research into this field
has yielded several promising drug candidates for the aforementioned infectious and
metastatic diseases. A common feature of these drug molecules is an electrophilic group
capable of provoking the cysteine residue of the parent protease into engaging in nucleophilic
attack. This process can be either reversible or irreversible depending on the strength of the
electrophile and the composite atoms.

To this end, Merck Frosst developed a series of cysteine protease inhibitors that
contain an electrophilic cyano moiety capable of undergoing reversible nucleophilic addition
with the cathepsin family of human proteases (Figure 1.13). In particular, these compounds
are highly selective for cathepsin K, a lysosomal cysteine protease that is abundant in cells
responsible for bone degradation during bone repair processes. Interestingly, the cyano group
does not undergo in-vitro hydrolysis and subsequent proteolysis, even under the relatively

g .. .. 3334
acidic conditions characteristic of lysosomal proteases.”
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Figure 1.13 MK-0822, A Highly Selective Cathepsin K Inhibitor

Contrary to the scenario above, it is often advantageous to use an irreversible protease
inhibitor in the treatment of parasitic infections. This of course is entirely contingent on the
treatment being selective for the parasitic cysteine proteases so as not to further compromise
the host through inhibition of regulative proteases such as the aforementioned cathepsins. A
common structural feature of these irreversible inhibitors is the presence of an alkylating
agent, often in the form of a Michael-acceptor, which forms a covalent union with the

cysteine sulfur of the protease.
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Figure 1.14 Select Examples of Irreversible Cysteine Protease Inhibitors

Two naturally occurring examples include E-64 (fungal) and miraziridine (marine
sponge) that make use of strained heterocyclic rings as powerful alkylating agents. However,
the selectivity of these two molecules is poor, where miraziridine can be considered an
inhibitor of several classes of proteases based upon the presence of the reactive aziridine and
the Michael-accepting o,f-conjugated acid functionalities (Figure 1.14)."" The non-natural
vinyl sulfones display much better selectivity for the parasitic proteases where K777

represents a considerably attractive target for the treatment of Chagas disease, an illness
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endemic in Latin American countries. Structurally analogous compounds to K777, such as
K11017, also demonstrate excellent inhibition profiles with organisms such as P.
Falciparum, the parasite responsible for one of the most lethal forms of malaria.” The broad
spectrum activity of the vinyl sulfones towards multiple parasitic cysteine proteases relates to
the structural homology of several proteases. For example, falcipain the cysteine protease
characteristic of P. Falciparum, and cruzain (from Trypanosoma cruzi) both belong to the

papain family and have a high degree of similarity within the enzyme active site.’

1.2.2  Mechanism of Action for Vinyl Sulfone Peptidomimetics

The high degree of selectivity characteristic of the vinyl sulfone peptidomimetics is
often attributed to the mild electrophilicity of the B-carbon and the manner in which the
compound docks within the enzyme active site. In particular, cysteine residues within the
papain-type proteases appear to have a greatly enhanced acidity relative to similar thiols,
such as 3-mercaptopropionate. This increase in acidity is attributed to a stabilizing interaction
with a neighbouring histidine residue. The greater degree of ionization of the cysteine sulfur
to the corresponding thiolate, and the presence of the protonated histidine represents an ideal
environment for the activation of a Michael-acceptor (Figure 1.15).

Cys-25 ©nzyme

Figure 1.15 Binding Domains of K777 and Mechanism of Inhibition

Indeed, the protonated histidine is shown by crystallography to be in close contact
with the sulfone oxygen atoms, activating the olefin towards nucleophilic attack by the

. 13, 36
cysteine sulfur. ™

The sulfone moiety is said to lie within the P1’ of the papain family of
cysteine proteases, and based upon solid state structural data, shows possible hydrogen bonds
with the proximal hisitidine-162 and tryptophan-184 residues, while cysteine-25 is bound to

the -carbon. The P1’ portion of K777 is quite tolerant to derivation and a series of sulfonate
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esters, sulfonamides, and varying aryl and alkyl sulfones have been synthesized as part of a
structure activity relationship (SAR) study. Of these modifications, replacement of the
phenyl ring of the vinyl sulfone with an aryl ether markedly increases the second-order
inactivation rate of the cruzain cysteine protease. This is believed to be a consequence of the
aryl ether functionality exerting an inductive effect upon the vinyl sulfone; thereby increasing
the electrophilicity of the B-carbon. This is a result of the poor n-donation between oxygen
and sulfur due to the disparate size of the atoms.” In general, elongation of the sulfone P1’
substituent by one atom appears to have a favourable effect on inactivation of the cysteine
protease and is believed to relate to the parent structure only partially occupying the P1’
domain (Figure 1.16).'* The further homologated alkyl sulfone showed a decrease in activity
relative to the benzylsulfone derivative demonstrating that larger analogues possess a less
desirable fit within the enzyme active site. Additionally, the ethyl substituted sulfonate ester
is less active than the parent derivative, which is consistent with the general behaviour of

these compounds as indiscriminate alkylating agents similar to the popular methylating agent

dimethylsulfate.
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Figure 1.16 Comparison of Inverse-Secondary Inactivation Rates for P1’ Analogues

1.2.3 Summary of Biologically Active Michael-Acceptors

The ability of vinyl sulfone and similar peptidomimetics to inhibit a diverse array of
parasitic and endogenous cysteine proteases is continuing to attract attention of medicinal
chemists both in academia and industry. However, these functionalities are not limited to the
inhibition of proteases, but also show promising inhibition of polo-like kinases (PLK), which
are involved in regulating cellular division. In particular, Onconova Pharmaceuticals is

investigating the use of vinyl sulfones as anti-cancer medications, where ON 01910.Na is in
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phase I and II clinical trials as treatments for human B-cell lymphocytic leukemia and several
solid tumor malignancies (Figure 1.17).

Interest in expanding upon current motifs involving vinyl sulfone peptidomimetics
has yielded novel falcipain-2 inhibitors, incorporating benzo[1,4]diazepin-2-one’s as B-turn
mimics. These compounds serve as a foundation for additional SAR studies for the
development of anti-malarial medications, as many peptidomimetics suffer from premature
degradation of the constituent peptide bonds. Lastly, simple divinyl sulfones have shown
potent antiviral properties; however, as one may predict, these structures are often
unselective and possess high cytotoxicity due to competitive Michael-addition of endogenous

nucleophiles such as glutathione.”*
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phase lll clinical trials

anti-viral

Figure 1.17 Biologically Active Michael-Acceptors

Given the diverse array of biological activities, and the emergence of parasitic
resistance towards current therapies, peptidomimetic vinyl sulfones show promise as novel
chemotherapeutics. Importantly, these medicines may aid in the treatment of neglected
illnesses such as malaria, African sleeping sickness, Chagas disease, and many more.
Additionally, the anti-cancer and anti-viral properties of these analogous compounds further
demonstrate the importance in developing methods for the synthesis of these valuable

synthetic intermediates.
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1.3  Sulfur in Organic Synthesis

The importance of organosulfur compounds in synthetic chemistry extends well
beyond target-oriented synthesis of biologically active non-natural products such as those
mentioned in the sections above. Rather, sulfur-containing molecules find considerable use in
natural product synthesis based upon the ability of these molecules to undergo a variety of
useful synthetic transformations for the synthesis of carbon-carbon bonds. The diverse
reactivity characteristic of these molecules is largely due to the different oxidation states of
sulfur and the facile synthesis of these derivatives in the presence of other oxygen-sensitive
functional groups. The presence of these compounds in relevant synthetic methodologies will
be discussed in the following sections, as well as examples of their use in natural product

synthesis.

1.3.1 Named Reactions Involving Organosulfur Compounds

The value of organosulfur compounds as intermediates in complex molecule
synthesis has led to the development of several named transformations. These popular
organic reactions predominately rely on the use of oxidized derivatives of sulfides, including
the sulfoxide and sulfone. One of the most widely used transformations involving the
sulfoxide functional group is the Mislow-Evans [2,3]-sigmatropic rearrangement.
Additionally, the generation of sulfur stabilized carbocations via the Pummerer
rearrangement represents a useful strategy for the formation of carbon-carbon, or carbon-
heteroatom bonds. Both of these transformations use the latent nucleophilicity of the
sulfoxide oxygen, either in the addition to an adjacent sm-system, or in reacting with hard
acylating agents. Conversely, the sulfone functional group allows for the generation of
stabilized a-carbanions, characteristic of both the Julia olefination and the Ramberg-

Bicklund rearrangement.

Oy — \@/o DLy w

(S)-sulfoxide sulfenate ester (R)-sulfoxide

It was first observed that optically pure allylic sulfoxides could racemize at

appreciable rates at relatively low temperatures, typically ranging from 50 to 70 °C (Eq. 1.1).
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This is much lower than the typical temperatures required for the pyramidal inversion of
sulfoxides, which ranges from 190-220 °C.” The conversion of the sulfoxide to the
intermediate sulfenate ester was determined to occur in a synchronous fashion, and did not
involve initial fragmentation recombination pathway. Only later did Evans report the
synthetic utility of this transformation by intercepting the intermediate sulfenate ester with an
appropriate nucleophilic scavenger, or thiophile. The sequence below demonstrates the use of
trimethyl phosphite as a reagent capable of converting the intermediate sulfenate ester to the
corresponding allylic alcohol; however, secondary amines such as diethylamine are also
capable of this interconversion (Scheme 1.1). Of particular significance is the regioselectivity
of the transformation, where the E-linear olefin is isolated in high yield, further supporting
the synchronous nature of this sigmatropic rearrangement. Furthermore, the rearrangement
occurs suprafacially, allowing for the generation of allylic alcohols with retention of
configuration based upon the original asymmetric center. This is useful, as it allows for the
synthesis of diastereomeric sulfoxides, which upon rearrangement provide a single

diastereomeric species, as demonstrated below.**

o 1) n-BuLi
o 2) CH,l
@ LEHs -"oH

70-75% yield

0
Ioj”\s\Ph 1) mCPBA, DCM, ~40 °C_ U
HO” HO

2) Et,NH, THF, 23 °C T
OH

~93% yield

Scheme 1.1

The Pummerer rearrangement represents another useful transformation of the
sulfoxide functionality, allowing for additional bond formation processes, or as a synthetic
handle for the strategic introduction of an aldehyde. The discovery of this reaction occurred
when phenylsulfinylacetic acid was heated in the presence of mineral acids, yielding both
thiophenol and glyoxylic acid.* ** This reaction proved general and represents an in-situ
hydrolysis of the thionium ion generated upon elimination of the sulfoxide oxygen, either
following acylation or as mediated by the addition of Brgnsted acids. The thionium ion is

also a useful electrophile for the formation of carbon-carbon, or carbon-heteroatom bonds,
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dependent on the availability of suitable nucleophiles for the interception of this reactive
intermediate. The examples in Scheme 1.2 demonstrate these processes, where the thionium
ion generated is capable of undergoing Friedel-Craft type alkylations with electron rich

aromatic nuclei, such as the indole shown.”*’

o)
o O , -
L mineral acid H\[HJ\OH + PhSH
Ph” OH heat 5
phenylsulfinylacetic
acid
s'(’) Ph
HN TFA-TFAA (1:3)
toluene, 80 °C, 2h a
| H N
N CO,Me
CO,Me _
63% yield

Scheme 1.2

The reactivity of the sulfone functional group is distinct from that of the sulfoxide,
where the formation of a-carbanions is normally followed by either a condensation with an
aldehyde or alkylating agent. The Julia-Lythgoe olefination and the Ramberg-Bécklund
rearrangement allow for the transformation of sulfones to olefins with high regioselectivity
for the E-linear isomer, dependent on the conditions employed. The mechanisms by which
these processes operate are quite distinct, where the Ramberg-Bécklund rearrangement
allows for strategic ring contraction, generating 1,2-disubstituted alkenes embedded within a
variety of large or small ring systems. The contraction of the ring containing the sulfone
occurs through chelotropic extrusion of sulfur dioxide from an episulfone intermediate.

The Julia-Lythgoe olefination, and modifications thereof, are amongst the most
reliable methods for the synthesis of E-1,2-disubstituted olefins. The original methodology,
developed by Marc Julia, is rather cumbersome, and requires the use of harsh reducing
conditions involving treatment of the f-acyloxysulfone with sodium amalgam in order to
facilitate elimination to the corresponding olefin.*® Sylvestre Julia later modified this by
replacing the aryl sulfone with a heteroaryl sulfone, such as the benzothiazole derivative
shown in Scheme 1.3.* This procedure typically works best with substrates that yield a

conjugated olefin, providing high selectivity for the E-linear olefin and reasonable synthetic
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yield. Similarly, the Julia-Kocienski olefination, which utilizes the phenyltetrazole-
substituted sulfones, helps circumvent the tendency for the analogous benzothiazole
derviatives to undergo self-condensation, even at low temperatures.” This methodology also
tolerates simple aliphatic sulfones and aldehydes, thus extending the scope beyond substrates
that possess conjugation. Lastly, the Julia-Kocienski olefination is sensitive to the nature of
the cation, where the selectivity follows the trend K* > Na* > Li*; however, larger cations
tend to give reduced yields of the desired olefin. Additionally, highly coordinating solvents
such as dimethoxyethane (DME), and additives, such as hexamethylphophoramide (HMPA),
influence the selectivity in favour of the E-linear isomer. As a compromise, lithium
hexamethyldisilazide (LIHMDS) may be used in conjunction with an additive such as HMPA
to ensure high selectivity for E-linear olefins without significantly lowering reaction

efficiency.”

SO,Ph
1) n-BulLi, -78 °C, THF X Ph Julia-Lythgoe
2) PhCHO
A
3) Acy0 67% yield
4) Na(Hg) 4 steps
@:N\%s/ 1) LDA, -78 °C, THF @N Modified
N Julia-Lythgoe
s 40 2 CHO  H,cO yihg
64% yield
H,CO

N-<
4N

N 1) KHMDS, DME, -60 °'C M . . .
N > Julia-Kocienski
NJ\ /(’\1)1\ X

AN 2) /%H
Ph 0" o 71% yield

0 94:6 E:Z

Scheme 1.3

Lastly, the Ramberg-Bécklund rearrangement represents another strategic method for
the introduction of E-linear olefins from easily prepared sulfone starting materials. This
process is especially useful for the synthesis of strained ring systems that possess either an E
or Z alkene dependent on the size of the ring. The use of CBr,F, is superior to CCl, as a
halogen source, as the latter may lead to the formation of cyclopropane byproducts as a result
of carbene formation and reaction with the incipient olefin. Additionally, the use of KOH-

Al,O; has proven superior to pulverized KOH due to the enhanced surface area and
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activating effect of the heterogenous support. This procedure also helps suppress
dihalogenation of the sulfone allowing for previously difficult dialkyl sulfones substrates to

rearrange readily to the corresponding alkene in high yield (Scheme 1.4).”'

NN

CBr,F,, KOH-ALL,O
Ph™ S "Ph 272 2-3 xPh 96% yield
0o £-BuOH Ph™ oy
Ph/\//s\\/\/\/ CBrze, KOH-A|203 Phw 92% yleld
oo t-BuOH
Base B
r Ph Ph
o B oY Ky
X Ph” 38 Ph oS¢
Ph™ 7S “Ph 0o 0" "0
o "o
H episulfone
JE
O
Ph” s “Ph
o o
Scheme 1.4

The examples discussed above do not serve as an exhaustive review of synthetic
transformations involving organosulfur compounds. Instead, the examples are selected based
upon their prevalence in natural product synthesis, the inevitable goal in the development of
methodologies for carbon-carbon and carbon-heteroatom bond formation. The following
sections 1illustrate relevant examples of natural product syntheses where organosulfur

compounds are part of key steps in reaching the target molecule.

1.3.2  Organosulfur Compounds in Natural Product Synthesis

The utility of organosulfur compounds is certainly not restricted to the sulfoxide and
sulfone functional groups discussed in the previous section. Rather, simple sulfides are
known to readily form stable ylides with applications in asymmetric epoxidation and
aziridination reactions. The process shown in Eq 1.1 is analogous to the Corey-Chaykovsky
epoxidation and cyclopropanation methodologies, with the exception that this method is
catalytic with respect to the sulfide, and enantioselective based on the camphor-derived
auxiliary. This methodology affords the corresponding epoxides with high trans selectivity
and enantiomeric excess, and is also extendable to the use of imines in the generation of the

corresponding aziridines.”>’
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o Na® 1 mol% Rh,(OAc),
I o 5-20 mol% chiral sulfide _ O R
R™OH AN 5-10 mol% BnEt;N*CI-, Ph” <H
CH4CN, 40 °C

(1.1)

58-84% yield

R= Ph, p-CIPh, p-NO,Ph, p-MeOPh, p-MePh, Cy 90-94% ee

S

chiral sulfide =

Furthermore, the umpolung reactivity of dithianes serves as another example of the
synthetic utility of sulfides, and represents a class of intermediates that serve as acyl anion
equivalents, where treatment with an appropriate base generates a stabilized carbanion. Upon
trapping of these carbanions with a suitable electrophile, the dithiane may be hydrolyzed to
the corresponding unsymmetrical ketone. This strategy has been popularized in the synthesis
of natural products by combining the deprotonation of the dithiane with anionic

rearrangements, allowing for remote functionalization and so-called anion relay processes.

OBPS
t-BuLi, Et,0 (\| é\\/\/\/\ S QBPS
S 8 _781t0-45°C,1h : s '
S.__S : 7N
% Et0 TBS G :
TBS TBS _78t0-20°C,2h
stabilized
carbanion
XANTS
= 0BPS 0 o
SW\
TBS A : THF/DME
% -78t00°C <ci
[1,4]-Brook (0]
rearrangement 53% yield

3-steps

alkaloid (-)-2058

Scheme 1.5
This process is exemplified in Scheme 1.5, where the addition of the stabilized

carbanion to the epoxide electrophile subsequently initiates a [1.,4]-Brook rearrangement,

effectively regenerating a sulfur stabilized carbanion. This intermediate is then analogously
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intercepted by the aziridine electrophile, generating an advanced intermediate en route to the
natural product, alkaloid (-)-205B.°

The racemic synthesis of asteltoxin by Schreiber represents a hallmark in organic
synthesis and truly showcases the diverse reactivity of organosulfur compounds. This
exploits both the enolate-like reactivity of sulfoxides, a [2,3]-sigmatropic rearrangement
characteristic of allylic sulfoxides, and the generation of a thionium electrophile by way of
the Pummerer rearrangement. This sequence was strategically employed by initially
condensing the dienyl sulfoxide shown in Scheme 1.6, which at room temperature underwent
a double allylic transposition, known as the Mislow-Evans rearrangement. Typically, this
yields a 1,3 transposition of an allylic sulfoxide for an allyic alcohol, when the reaction is
conducted in the presence of a phosphine based thiophile, i.e. POMe;. However, as this
rearrangement occurs through conjugation of the diene, the resulting product is the original
sulfoxide, where this group is now present at the opposite terminus of the conjugated double
bonds. As shown in Scheme 1.6, this rearrangement typically occurs with complete
selectivity for the E-linear olefin. The ability of sulfoxides to act as aldehyde surrogates is
demonstrated through the strategic application of the Pummerer rearrangement shown in
scheme 1.6. This is known to proceed through the electrophilic thionium ion, which upon
aqueous hydrolysis eliminates thiophenol, thus generating the carbonyl compound shown.

This intermediate was then only two steps removed from asteltoxin.”’
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S(O)Ph
n-BuLi, THF
-78°Ctort,3h

Mislow-Evans
[2,3]-rearrangement

88% yield
3:1 pB:a diastereoisomers

y 1) CF3C0,COCH;

/’8.;1\/? \ A\ Ac,0, 2,6-lutidine, 1 h /’XO\J:? A\ 0]
H 2) HgCl,, CaCO; H N\
H

S(O)Ph  CH3CN:H,0 (3:1), 2 h

60% yield
Pummerer rearrangement
OH. OH
OH. OH :
r& - > o0 o)
oT~0 N\ o — H \ o)
H N\ N\ W
H
OMe

(+/-)-asteltoxin

Scheme 1.6

Furthermore, the synthetic utility of the Pummerer rearrangement is not restricted to
the transformation of sulfoxides to the corresponding aldehyde, but may serve as a reactive
intermediate for the initiation of cascade bond formation sequences. Scheme 1.7
demonstrates one such example, where intramolecular interception of the resultant thionium
ion with the adjacent amide generates a mesoionic isomiinchnone. This process is
represented in Scheme 1.7, where the in-situ generated isomiinchnone, undergoes a [3+2]
cycloaddition with the pendant olefin; thereby, generating the corresponding cycloaddition
product. Upon acid-mediated ring opening of the bridging ether, the corresponding
pyridinone is formed, which was eventually transformed into the natural product onychine

(Scheme 1.7).%®
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o LS:O I
Ac,0, p-TsOH (trace) N
N~ SO {
OMe OMe
81% yield
| SEt SEt
0—© 0
deprotonatlon X (o) cycloaddition
OMe
mesoionic
isomiinchnone
o SEt X~ O0Ac
acid-mediated I
N o) rearrangement N 0
OMe oM
onychine
Scheme 1.7

The further oxidized sulfone reacts much like the dithiane and sulfoxide
intermediates, where the functionality is also capable of stabilizing adjacent carbanions. The
consequent condensation of these sulfone stabilized carbanions with carbonyl electrophiles
represents the popular olefination methodology developed by Marc Julia. This technology
finds considerable use in the synthesis of marine macrolides, where the union of advanced
synthetic intermediates is typically accomplished by applying this olefination methodology.
The example shown involves the synthesis of the marine macrolide lasonolide, which
possesses potent antitumor properties towards A-549 human lung cancer carcinoma and
Panc-1 human pancreatic carcinoma cells. The Julia-Kocienski reaction was successfully
applied in the union of the two tetrahydropyran, providing the indicated E-linear alkene with

complete regioselectivity.”
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MTMO
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N ST 2 0
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RO Ny QJY

| OTBS OTBS

78% yield
MTM = MeSCHZO~§ oTBS  OTBS

Scheme 1.8

Similarly, the Ramberg-Bécklund rearrangement serves as another method for the
installation of E-linear alkenes; however, this occurs with concomitant ring-contraction based
upon chelotropic extrusion of sulfur dioxide. Despite the failure of other methods for the
synthesis of the indicated seven-membered ring, the strategic application of the Ramberg-

Biicklund proved successful in the synthesis of the alkaloid fawcettidine.®

H,C N
H
H o)
fawcettidine
o) 0 o}
11
570
H3C N CBI’2F2, KOH-A|203 H3C N- J/
(")' -BuOH, CH,Cl, &
" 2 "
o) o)
46% yield
Scheme 1.9
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1.4 Summary

The preceding sections should demonstrate the immense value of organosulfur
compounds, from their use as common fragrances and food additives, to their presence in
countless molecules of interest to synthetic and medicinal chemists alike. In fact, some of the
most successful drugs marketed in the last two decades include either the sulfonamide or

sulfide functionalities (Figure 1.18).°"%

o
3 T N CetsOr
[Nj N N\ Cl
'l\' O

Viagra Singulair
(Sildenafil Citrate) (Montelukast)
sales = $1.6 billion in 2006 sales = $3 billion in 2006

o S/\/\E\
N g NO,
\

N 0
JOL -
0 N LQ
O_
Prilosec Zantac
(Omeprazole) (Ranitidine)
grossed $6.26 billion by 2000 sales = $3.6 billion in 1994

Figure 1.18 Organosulfur Containing Blockbuster Drugs

Given the widespread applicability of these molecules new methods for the
development of carbon-sulfur bonds is necessary. In particular, the development of general
methods for the synthesis of vinyl sulfides is especially necessary given the applicability of
the corresponding sulfones towards treating neglected illnesses such as Chagas disease,
African sleeping sickness, and malaria. Chapter 2 will begin with a discussion of the methods
currently available for the synthesis of vinyl sulfides and will demonstrate our initial
contributions to the field of rhodium (I) catalyzed alkyne hydrothiolation. Chapter 3 involves
a discussion of our current efforts towards the development of a catalytic alkyne
hydrothiolation methodology utilizing Wilkinson’s catalyst (RhCIl(PPh;);). In chapter 4, the
focus will center on the extension of alkyne hydrothiolation towards Nazarov-type 4i-
electrocyclizations for the synthesis of polycyclic ring systems. Chapter 5 will discuss the

synthesis of novel scorpionate-type proligands, originally developed for the asymmetric
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aziridination of olefins, which may find use in the processes discussed in chapter 4. Lastly,
chapter 6 will discuss conclusions and future work made possible based on the studies

illustrated in the preceding chapters.
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Chapter 2 Transition Metal Catalyzed Synthesis of Carbon-Sulfur Bonds

The use of organometallic reagents in the catalytic formation of C-S bonds remains
scarce compared to methods to form C-O and C-N bonds. Nevertheless, despite the oft-cited
belief that sulfur poisons metal catalysts, methods for the construction of C-S bonds are
becoming increasingly prevalent in the literature. Indeed, the use of metal catalysts, including
gold, copper, rhodium and palladium, represent widely employed synthetic strategies for the
installation of C-S bonds. A common synthetic strategy involves palladium- and copper-
catalyzed cross-coupling reactions of thiolate nucleophiles with aryl and vinyl electrophiles.
Other examples of transition metal catalyzed processes for C-S bond formation includes
hydrothiolation, in which both C-S and C-H bonds are formed in one transformation and
dithiolation, in which two C-S bonds are formed (Scheme 2.1). These two approaches
account for the majority of available methods for the synthesis of C-S bonds. Moreover, the
functional group compatibility of these processes continues to increase, which has led to

applications of metal-mediated C-S bond formation in complex molecule synthesis.”®

cross coupling @—x +  HS-Ar L» @S\
Ar

ML S-Ar S-Ar

hydrothiolaton R—= + HS-Ar —— " > /:/ + R S-Ar :<
R R
E-linear Z-linear branched
additonof -8  ,___ | Ar=§ ML, ArS SAr
bond to alkyne - S-Ar \—/
X=Cl,Br, |
Ar = aryl
R = aryl, alkyl, vinyl
ML,, = transition metal complex
Scheme 2.1

Despite the demonstrated utility of these methods, there is continued pressure to
develop more efficient methods that rapidly generate molecular complexity. As such, a
summary of recent advances is warranted. This chapter will focus on two general strategies
for C-S bond formation — cross coupling and hydrothiolation. The reader is directed to a

series of reviews that discuss a broad array of transition metals capable of catalyzing C-S
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bond formation.””” In particular, the following sections detail catalytic C-S bond formation
with transition metals from groups 9, 10 and 11. Furthermore, the application of these
methodologies towards the synthesis of biologically active natural and non-natural products

is discussed.

2.1 Cross-Coupling Approaches to C-S Bond Formation

The use of late transition metal complexes in catalytic cross-coupling reactions
represents a popular strategy for the synthesis of carbon-sulfur bonds. This typically involves
the use of sp” hybridized carbon electrophiles (e.g., aryl or vinyl boronic acids), and arene
thiolate nucleophiles; however, the developments of methods capable of tolerating alkyl
thiols are beginning to emerge in the literature. This is important, as numerous medicinal
targets contain vinyl or aryl substituted alkyl thioethers. Additionally, nucleophilic aryl
substitution processes for the synthesis of these functionalities often require forcing
conditions, necessitating the development of mild catalytic protocols. The efforts described
in the following sections represent key advances in the development of mild and effective
methods for the formation of carbon-sulfur bonds. This discussion will focus on the use of
copper and palladium complexes as catalysts for cross-coupling processes, as these metals
represent the most popular choices in effecting this transformation.

As discussed in chapter 1, the development of cross-coupling technologies for the
formation of carbon-sulfur bonds is critical in facilitating the discovery and synthesis of
biologically active compounds. To this end, cross-coupling methodologies aided in the
discovery of the low nanomolar serotonin reuptake inhibitor Lu AA21004 and in the
multikilogram synthesis of PF-04191834 (Figure 2.1). These compounds may prove crucial
towards the treatment of mood and anxiety disorders, as well as the management of
symptoms related to asthma and chronic obstructive pulmonary disease, respectively. The

synthesis of Lu AA21004 and PF-04191834 will be discussed in Section 2.2 4.
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Syo Q0T

Lu AA21004 PF-04191834

Figure 2.1 Medicinally Relevant Arylthioethers

2.1.1 Historical Precedent for Copper-Mediated Carbon-Element Bond Formation
One of the earliest examples of a coupling reaction dates back to 1901, when
Ullmann demonstrated the propensity of aryl halides to undergo dimerization in the presence
of copper metal.*’ In the current literature, this is typically referred to as a homocoupled
product, which represents the most common byproduct formed during the coupling of two
chemically distinct aryl halides. Ullmann later demonstrated the ability of anilines and
phenols to undergo a similar transformation, now described as the Ullmann condensation
(Scheme 2.2). The original versions of these coupling reactions typically required
temperatures in excess of 200 °C and stoichiometric quantities of copper metal or an
equivalent salt.*"** Amendments to this protocol involved an extensive screen of additives,
ligands, coupling partners, temperatures, and solvents for the development of a general and

mild procedure for copper-catalyzed cross-couplings.

Ullmann coupling 2 @X $,
Ullmann Condensation Cu @Y
. YH + X ——— > @
Reaction

X=Cl,Br,|
Y=NH, O

Scheme 2.2

2.1.2 Copper-Catalyzed Carbon-Sulfur Bond Formation

Recent efforts have focused on supplementing tertiary amine bases with an
appropriate additive, as well as exploring ligands capable of better solubilizing the copper
precatalysts. These modifications have largely been evaluated within the context of aryl ether
and aryl amine synthesis; however, this section will focus on methods that allow the use of

aryl and alkyl thiols, as these reagents are most relevant to this thesis.
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A necessary consideration when investigating cross-coupling reactions involving
thiols is their tendency to form disulfides in the presence of copper (II) salts. One method for
avoiding this oxidation is shown in Eq. 2.1, where thioimides are used in place of the free
thiol in the presence of copper (I) complexes. The authors propose that this process is
initiated upon oxidative addition of the copper (I) 3-methylsalicylate complex to the
thioimide. This generates a presumed copper (III) thiolate which avoids the need for a
tertiary amine base.*’ This method proved general for a variety of boronic acid and thioimide
substrates, yielding the corresponding thioethers in good to excellent yields. Additionally,
sub-stoichiometric amounts of the copper-catalyst were possible in this system within

temperature ranges only slightly above ambient.

(0]
20-30 mol% CuMeSal
R'B(OH), + R2?S-N 2 R'SR2 (2.1)
THF, 45-50 °C, 2-12 hr )
g 51-83% yield

13 examples
R' = aryl, alkenyl, alkyl R2 = aryl, heteroaryl
O OH

MeSal = 3-methylsalicylate =
©0

During this time, the groups of Buchwald and Venkataraman independently published
similar procedures detailing the catalytic cross-coupling of aryl and alkyl thiols with aryl
iodides mediated by copper (I) precatalysts.*"* The report by Venkataraman represents one
of the first methods capable of tolerating alkyl thiols in such cross-coupling reactions.
However, butyl and cyclohexylmercaptan were the only substrates reported to be effective in
this transformation. Similarly, Buchwald described a method capable of tolerating aliphatic
thiols, extending the substrate scope to include benzylmercaptan and 6-mercaptohexanol.
These accounts utilize previously established reagent combinations, stemming from the two

groups expertise in effecting carbon-nitrogen and carbon-oxygen bond formation.
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— 10 mol% Cul —
(- 2 10 mol% Neocuproine O—SR2
R<SH > Venkataraman
\ I / 1.5 equiv. NaOt-Bu \ | /

1 1
R toluene, 110 °C R .
77-98% yield
— 28 examples
neocuproine = \ 7 2 P
N N=
— 5 mol% Cul —
i 2
\ |/ ' + ResH 2 equiv. ethylene glycol @SR Buchwald
R 2 equiv. K,COg3, i-PrOH, 80 °C R
= EDG, EWG, alkyl R2 = aryl, alkyl 71-93% yield
aly an/, aly 27 examples

Scheme 2.3

The subtle differences in the respective procedures illustrate the variance that may be
encountered when extending methods developed for separate heteroatom cross-couplings to
that of S-arylation. For instance, both methods in Scheme 2.3 use the same Cu (I) precatalyst
but utilize separate combinations of ligand, base, temperature and solvent. This suggests that
both methods rely more on solubilizing the in-situ generated Cu (I) catalyst. It is likely that
this depends heavily on the aforementioned parameters, and may vary significantly from one
procedure to another. The figure below lists several ligands that appear to accelerate copper-
catalyzed S-arylations. Given the difficulty in mechanistic analysis of copper systems, the
exact nature of this acceleration is often unknown. It is often suggested that this effect is a

consequence of a reduction in aggregation of the catalytically active copper species in

solution.*™®

1,10-phenanthrolines ethylenediamines (aj:lii?/:tia:;g vicinal diols N,N- Ligands

P NH
( —g 2/ \ [~ 2

S/ /7~ \ NH
R/\‘_N N:/\R HoN NH, H ONa 2

OH
/\ N Qj
Me,N NMe, | /\n/

o)

HO OH (_C?

Figure 2.2 Common Ligand Additives in Copper-Catalyzed S-Arylations
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The methods described by Venkataraman and Buchwald both improved upon an
earlier report by Paloma, which described a series of S-arylations that utilized Schwesinger’s
phosphazene bases in order to generate “naked” thiolate ions. Paloma’s report was one of the
first examples where sterically encumbered arene thiols, such as 2-methylthiophenol and
other ortho-disubstituted thiophenols, could be used (Eq. 2.2).'” The disadvantage was that
the procedure relied on relatively expensive phosphazene bases. However, the use of these
bases did impart a high degree of chemoselectivity in regards to substrates like 4-
hydroxythiophenol, where competitive O-arylation did not occur. This is likely due to the
substantial difference in acidity of the S-H bond relative to the O-H, thus preferentially

affording the thiolate ion and yielding S-arylation chemoselectively.

_ __ 20 mol% CuBr @s
. 2
@' * 2equi QSH S N7 N2 e
R’ R? N

toluene, 110 °C R
R? + R2 = EDG, EWG, alkyl, hetero- 63-100% vyield
17 examples
MezN\
P,-Et = MeZN;P=NEt
(MexN)sP=N

The use of copper salts in place of noble metals represents an attractive advantage for
arylation strategies for the industrial preparation of biologically active molecules. However,
these reactions are mechanistically less well understood in comparison to the analogous
palladium systems. Additionally, the lower catalyst loadings observed for palladium-
catalyzed arylations may lead to an overall reduction in waste; thereby, reducing costs. The

following section will briefly discuss relevant palladium based systems for S-arylation.

2.3 Palladium-Catalyzed Carbon-Sulfur Bond Formation

The ease in studying palladium systems spectroscopically has allowed for more
detailed mechanistic analyses, relative to copper systems. This is attributable to the well-
behaved redox chemistry of various palladium complexes. Indeed, Hartwig has published an
extensive survey of palladium (II) thiolate complexes with varying electronics, sterics,
bidentate phosphine ligands, and covalently bound carbon-based ligands (aryl, vinyl, alkynyl,
and alkyl). The information gained through these investigations led to the development of

highly active palladium complexes for S-arylation, capable of catalysis at loadings in the
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parts-per-million range.’® 7 1019 191% A brief discussion of initial studies regarding
palladium-catalyzed S-arylations will follow, in order to better illustrate the amendments

made possible through mechanistic studies.

2.3.1 Historical Context for Palladium-Catalyzed S-Arylations

The first report of palladium-catalyzed S-arylation was made by the group of Migita
in Japan in 1978."” This method described the use of palladium tetrakistriphenylphosphine
(Pd(PPh;),) in catalyst loadings as low as 1 mol% in refluxing alcoholic solvents. The base
used in this system was generated by the addition of sodium metal to the alcohol solvent,
thus forming the corresponding sodium alkoxide. This method relied heavily on the more
reactive aryl iodides and bromides, as reduced yields were observed with aryl chloride
substrates. The authors also noted that alkyl thiols were tolerated under these conditions, and
in competition experiments reacted approximately nine times faster than arene thiols. This

illustrates the greater nucleophilicity of alkyl thiolates.'"

2.3.2  Mechanistic Considerations for Palladium-Catalyzed S-Arylations

Hartwig’s pioneering work in carbon-carbon and carbon-heteroatom bond formation
through reductive elimination aided in the discovery of highly effective palladium complexes
for S-arylation. The key findings of these studies demonstrated that reductive elimination of
carbon-sulfur bonds occurred from a four-coordinate palladium (II) intermediate possessing
electron rich bidentate phosphines. In most cases, an excess of PPh; was added to trap the
palladium (0) intermediates generated upon reductive elimination. The concentration of this
added phosphine had little effect on the overall rate of reductive elimination but may affect
other steps of the catalytic cycle. Additionally, changing the ligand backbone had little effect
on the rate of reductive elimination. However, bidentate phosphines possessing large bite-
angles dramatically accelerated this process (Figure 2.3). This feature in particular inspired
the development of Josiphos and other bidentate phosphines discussed in the subsequent

section.
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Figure 2.3 Dependence of Ligand Bite-Angle on Rate of Reductive Elimination

2.3.3 Optimization of Palladium-Catalyzed S-Arylations

Since the initial examples reported by Migita and Hartwig, later accounts have
attempted to reduce the severity of the reaction conditions. This has primarily involved
reducing the temperature of the reaction and the quantity of the added base. This is largely
necessary due to the competitive reactivity of various functional groups with nucleophilic
bases, often limiting the substrate scope with respect to the aryl halides employed. This is
inherent with functionalities such as cyano-, carboxymethyl-, and enolizable ketones or
aldehydes. These functional groups may undergo base-mediated hydrolysis,
transesterification, and competitive enolate condensation processes, respectively. Typically,
these moieties remain inert with the use of mild carbonate bases (Cs,CO;, K,CO;). Greater
yields are often obtained with stronger alkoxide bases (NaOz-Bu, KO#-Bu); however, this
often leads to the aforementioned side reactions with more functionalized aryl halides. In
some cases, the choice of strongly chelating, sterically encumbered bisphosphine or N-
heterocyclic carbene (NHC) proligands may lower the overall temperature of the process.
Unfortunately, this is often accompanied by an increase in catalyst loading, in order to
achieve similar conversions observed at higher temperatures. The figure below illustrates

several popular proligands for use in palladium-catalyzed S-arylations.'" > 109138
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Figure 2.4 Proligands in Palladium-Catalyzed S-Arylations

Of the proligands depicted in Figure 2.4, palladium complexes generated in-sifu with
Josiphos are capable of catalyzing S-arylations with precatalyst loadings as low as 0.005%.°*
79197108 Thig system is quite robust and tolerant of aryl tosylates and chlorides as electrophilic
partners with an innumerable amount of aryl and alkyl thiol nucleophiles. This process
provides excellent yields of the corresponding thioethers with reaction times often less than
12 hours, which can often be lowered further by increasing the precatalyst loading. The
temperature of the process is still high (110 °C) and is inversely proportional to the
precatalyst loading, and the nature of the aryl halide employed. Remarkably, ambient
temperature is often suitable for aryl iodides, with little impact on reaction time and yield.

Palladium-catalyzed S-arylations with the Ipent (isopentyl) NHC proligand (Figure
2.4) also tolerate reduced temperatures at the expense of longer reaction times. However, this
process permits several difficult thioetherifications, using sterically hindered aryl and alkyl
thiols, as well as sterically shielded aryl bromides and chlorides. Intriguingly, this process
requires the addition of sub-stoichiometric quantities of LiOi-Pr in addition to an excess of
base (KO#-Bu). This additive is presumed to aid in reduction of the palladium (II) species,
and often requires pre-mixing at higher temperature to activate the organometallic species to

oxidative addition with the aryl halide. The use of (n-Bu),Mg and morpholine was also
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attempted, but LiOi-Pr was found to be most practical given the sensitivity of
dialkylmagnesium compounds, and the possibility of competitive N-arylation with 2°

nitrogen bases."”

2.3.4 Synthesis of Biologically Active Molecules Utilizing S-Arylation

The development of methodologies towards S-arylation represents a process of
critical importance for the discovery of medicinally active molecules. Furthermore, this
technique often finds use in process chemistry, in the kilogram synthesis of active
pharmaceutical ingredients (APIs). The scheme below illustrates a number of examples,
including the Ullmann-type condensation utilized by scientists at Hoffmann-La Roche for the
synthesis of Lu AA20465, a molecule of interest for the treatment of schizophrenia.*
Similarly, a medicinal chemistry group demonstrated the use of palladium DPEphos
complexes in the synthesis of numerous S-arylated piperazines with application towards the
treatment of mood and affective disorders.'" Lastly, chemists at Pfizer developed an
improved process by which the anti-asthma therapeutic PF-04191834 could be synthesized
on multikilogram scale involving two consecutive palladium based couplings with relatively
high catalyst loading. This was necessary in order to minimize exposure of the API to the
reaction conditions, as extended reaction times proved to yield symmetrical sulfides that

complicated the purification of PF-04191834."*'

37



SH [ ] Hoffmann-La Roche [ ]
/©/ + N 5 mol% Cul, N-metyhlglycine N
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Scheme 2.4

2.3.5 Synthesis of Vinyl Sulfides via Palladium- and Copper-Catalyzed Cross-
Coupling Reactions

Similar to the copper and palladium processes for S-arylation, the analogous addition
of thiolate nucleophiles to vinyl halides represents a strategy for the synthesis of vinyl
sulfides. This process is applicable to aryl and alkyl thiols, drawing extensively from the
optimized conditions for S-arylation. Of these processes, the use of copper (I) catalysts
demonstrates much higher functional group compatibility and substrate scope than those of
the corresponding palladium systems. This is in direct contrast to the S-arylation techniques

discussed in the previous sections, where palladium complexes significantly outperform
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analogous copper systems. The scheme below summarizes two mild and efficient copper-

catalyzed methods for S-vinylation of a variety of heteroaryl-, aryl, and alkyl thiolates.*>**

N/
. PhaP CU-PPh, ;
RN + Hs-R? R\/\SRZ Venkataraman
1.5 equiv. K3POy,
toluene, 110 °C

80-99% yield
R' = alkyl, aryl, carbonyl 31 examples

R2 = heteroaryl-, aryl, alkyl

10 mol% Cul, 20 mol% Ln

R1 —R2 R!
\/\I * HSTR 1.5 equiv. K3POy 7SR Cook
R = alkyl, aryl, carbonyl DMF, 30-50 °C OH
84-98%
R2 = heteroaryl-, aryl, alkyl Ln= O: 33 examples
OH
Scheme 2.5

While palladium-catalyzed approaches to S-vinylation do exist, the substrate scope
reported in the procedures detailed above (Scheme 2.5) is far more extensive.” "% !> 117
127,129 135 However, an interesting application of S-vinylation towards the synthesis of the
nine-membered core of the antibiotic Griseoviridin hinged upon a critical palladium-
catalyzed cross-coupling. This example demonstrates the synthetic potential of S-vinylations

towards the synthesis of complex natural products, and the functionalities tolerated in such an

endeavour (Eq. 2.3).”

OMOM

_SH OMOM 2.5 mol %Pd,dbag /'\/\(0025

= + )\/\(CozEt 10 mol% DPPF s (23)

Bz, .~ ;
z H/\COOt-Bu i NEt3, NMP, 60 °C \-
. BZ.N"cootBu
1.4 equiv. H
0 63%
Griseoviridin core = S.
CO,R

The cross-coupling approach to vinyl sulfides suffers in part due to the availability of
the requisite vinyl iodides. This is typically plagued by the use of non-atom economical
processes involving chromium or phosphorus ylides, which generate potentially hazardous
waste. This necessitates a separate approach to the atom economical formation of these

synthetically versatile vinyl sulfides, which is discussed in the following section.
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2.4 Alkyne Hydrothiolation in the Synthesis of Vinyl Sulfides

Alkyne hydrothiolation is formally represented by the insertion of a sulfur-hydrogen
bond across the alkyne m-system, generating a new carbon-sulfur and carbon-hydrogen bond.
This addition can result in the production of several distinct regioisomers, where the ratio of
these compounds depends heavily on the nature of the sulfur reagent and the catalyst
employed. Prior to our involvement in catalytic alkyne hydrothiolation with group 9
transition metals, aliphatic thiols were found to be unreactive. The formation of the E-linear
isomer is typically favoured with arene thiols and complexes of rhodium and iridium, and the
use of supramolecular catalysts such as B-cyclodextrin.'**'*” The Z-linear isomer is often the
result of uncatalyzed background processes, such as the nucleophilic addition of thiyl
radicals or thiolate ions to the alkyne st-system.'*”'® Lastly, the branched regioisomer is
typically favoured with the use of group 10 transition metal complexes. The E- and Z-linear
olefins, are collectively referred to as the anti-Markovnikov products, whereas the branched
isomer is referred to as the Markovnikov adduct. The following sections will describe
approaches towards the synthesis of vinyl sulfides involving the use of transition metals,
highlighting in particular the influence of the metal complex on selectivity and the functional
group tolerance of existing methods. This chapter concludes with our approach towards

alkyne hydrothiolation, including the successes and failures of this process.

SR!

R'SH + =—R2 > RS~ + /\Rz + /J\ (24)
SR R2
E-linear Z-linear branched

2.4.1 Alkyne Hydrothiolation with Group 10 Transition Metals

Since the first reported example of group 10 catalyzed alkyne hydrothiolation in 1992
by Ogawa and coworkers, several studies involving the use of group 10 metals complexes
have appeared in the literature. The consistent trend for the use of these metal salts is the
selectivity for the branched regioisomer, and the tolerance of a range of aliphatic and aryl
alkynes. The thiol scope was limited to three examples, where an evaluation of functional
group tolerance, or the reactivity of aliphatic thiols was notably absent (Eq. 2.5). The authors
reported that p-substitution had a drastic effect on the selectivity of the process, where p-

hydroxy- and p-chlorothiophenol yielded products similar to the addition of disulfides to
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alkynes. This may occur via the formation of a dimeric palladium thiolate complex, where
insertion of the alkyne into a Pd-S bond may be followed by subsequent C-S reductive
elimination. Typically, turnover is accomplished by protonolysis of the vinyl sulfide with
remaining thiol, or acetic acid generated through ligand substitution. Additionally, the use of
p-methylthiophenol and p-methoxythiophenol proved unreactive in the optimized conditions,
yielding small amounts of products and unreacted starting material.'®'

2 mol% Pd(OA SR’
mol% Pd(OAc), /}\ 2.5)
THEF, reflux R2

Cl 56%-86%
R = Ph, Ej\)\
Cl

R2= CeHis, TMS, %(OH NN,
OH

RISH + =—R?

EtO,C.__CO,Et

N

As the palladium (II) acetate catalyzed hydrothiolation of alkynes selectively yielded
the branched regioisomer, later reports were targeted towards the synthesis of the linear
isomers. Interestingly, the use of Pd(PhCN),Cl, in alkyne hydrothiolation with terminal
alkynes generated trisubstituted vinyl sulfides (A), presumably by isomerization of the
branched regioisomer (B). This hypothesis was supported by the formation of isomerized
products when an authentic sample of the branched vinyl sulfide was added to a solution of
[Pd(SPh)(PhSH)],. This complex was synthesized by treatment of Pd(PhCN),Cl, with two
equivalents of thiophenol, and is believed to be the active catalyst in this reaction. This
process is advantageous as the use of internal alkynes is avoided in synthesizing the
corresponding trisubstituted vinyl sulfides (A). Typically, internal alkynes represent
challenging substrates in catalytic hydrothiolation, often requiring more forcing conditions.
Surprisingly, the use of N,N-dimethylpropargylamine resulted in the selective formation of
the branched regioisomer (B), with little to no observed double bond isomerization. This
suggests that the in-situ generated catalyst may be inhibited by the presence of a basic amine,
and undergoes isomerization much slower than the other alkynes examined. This report
represents an efficient method for the synthesis of internal vinyl sulfides (A); however, in all
cases, the isomerized product forms as an equimolar ratio of £ and Z isomers (Scheme

2.6).'"
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Scheme 2.6

Despite the rather limited scope in regard to the thiol substrates employed in these
reports, further studies by this group simply expanded this method towards the use of

carbonylative conditions.'”

However, this study did successfully employ both p-
methylthiophenol and p-fluorothiophenol in addition to benzene thiol, suggesting the
carbonylative sequence 1is less sensitive to p-substitution than the regular alkyne
hydrothiolation process."®" The thioformylation was also tolerant of dodecane thiol, although
this gave the poorest yield.

Similar to the work of Ogawa, related methods for alkyne hydrothiolation using
various nickel precatalysts generally provide selective formation of the Markovnikov or
branched vinyl sulfide, but are again limited in scope with respect to the thiols employed.
Initial work demonstrated the competence of Ni(PPh,Me), in conjunction with catalytic
amounts of Ph,P(O)OH, catalyzing the addition of thiophenol to 1-octyne in high yield and
selectivity. This result was largely driven by the investigation of related nickel precatalysts
for the catalytic synthesis of alkenylphosphonates, through a related addition of the P-H bond
across the -system of various alkynes.'®

Subsequent to this report, NiCl, was found to be an efficient precatalyst for the
addition of thiophenol to a variety of terminal and internal alkynes.'** Critical to the success
of this method was the addition of a catalytic amount of NEt;, which proved to greatly
enhance the selectivity of the Markovnikov adduct (B) relative to the isomerized vinyl

sulfide (A). This observation is consistent with the selectivity obtained in the hydrothiolation
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of N,N-dimethylpropargylamine with Pd(PhCN),Cl,, where no isomerization was observed
following formation of the branched vinyl sulfide (Scheme 2.6). This is likely due to the
inhibition of a metal-catalyzed isomerization process by ligation of the active catalyst with
the propargyl nitrogen, or by NEt;. Similarly, the effect of phosphine ligands was shown to
dramatically alter the selectivity of the process. In particular, phosphite ligands (P(OPh);)
provided the linear olefins (C) almost exclusively. In the absence of the radical inhibitor y-
terpinene (13) the Markovnikov selectivity drops dramatically, as the vigorous conditions

allow for the facile generation of thiyl radicals (Eq. 2.6).

3 mol% NiCl,, 10 mol% NEt;

PhSH + = - SPh SPh N
R2 CHCI; or PhCH3, 80-100 °C /]\PrRz + /\/RQ + phs” XWSR2  (26)
A B Cc
60-85%
ratio = 7-18:1 branched:linear

13

R2 = C4H9, C5H100H, NMe,, OMe, SPh, fi/\CN

A consistent observation in the studies discussed thus far is the formation of an
insoluble brown precipitate, indicating the formation of a polymeric species likely consistent
of bridging thiolate ligands [Ni(SAr),], or [Pd(SAr),],. Evidence for the formation of this
type of polymer has only been roughly deduced through elemental analysis, where structural
data has been precluded due to issues in solubility. However, the polymeric network of
various nickel and palladium complexes has been imaged using techniques such as scanning
electron microscopy, revealing a range of particle sizes varying from 0.5-8.5 ym. The
utilization of these polymeric species in alkyne hydrothiolation has led to the development of
a highly practical nickel based system, where the heterogeneous catalyst is generated by
treatment of Ni(acac), with an aryl thiol. This system is tolerant of a range of propargyl
substituted alkynes, can be run under solvent free conditions with temperatures slightly
above ambient, and is scalable to produce up to 50 grams of branched vinyl sulfide. Reaction
times are considerably shorter for the solvent free system, where alkyne is typically
consumed within 15 minutes to 3.5 hours. Similar to previous reports the aryl thiol scope was

limited to three examples (Eq. 2.7).
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Likewise, alkyl thiols such as cyclohexylmercaptan and benzylmercaptan were
tolerated in alkyne hydrothiolation with heterogenous palladium-catalysts. The heterogenous
catalyst was synthesized by treating Pd(OAc), with the alkyl thiol, and was active in alkyne
hydrothiolation for a similar array of propargyl substituted alkynes (Eq 2.8).'%> '

5 mol% [Pd(SR"),, SR | R?
> 187 X 2.8
80-100 °C, pW )\Rz R'S 28

57-92%
5-100:1 branched:linear
=Cy, Bn

Rz_ C4H9 Ph, \?(OH \?(OAC 1"@NMGQ

RISH + =—R?

These studies represent important advances in the practical synthesis of branched
vinyl sulfides; additionally, the limitations in regards to thiol scope demonstrate the need for
more thorough investigations of the tolerance of these systems towards aryl and aliphatic
thiols. The following section describes applications of group 9 metals towards this goal,
including our report of the first general synthesis of alkyl vinyl sulfides, which is also the

first successful use of alkyl thiols in alkyne hydrothiolation.

2.4.2 Alkyne Hydrothiolation with Group 9 Transition Metals
Compared to the volume of work encompassing the use of group 10 metals in alkyne

hydrothiolation'**"

, the use of cobalt, rhodium, and iridium is relatively scarce in
comparison.'**'# 192211215 Ope of the first examples of a group 9 metal-catalyzed process for
the synthesis of organosulfur compounds was reported by Ogawa’s group and involved the
thioformylation of alkynes using RhHCO(PPh;),.'”* This seminal report was later followed

by the publication of RhCI(PPh,), as an effective catalyst in the hydrothiolation of terminal
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and internal alkynes.'” This study was one of the first to demonstrate the complementary
selectivity of group 9 metals relative to group 10, as the E-linear vinyl sulfide was the
favoured regioisomer with RhCI(PPh,);. Formation of this product is sometimes attributed to
a non-catalytic background reaction involving thiyl radical addition to alkynes. However,
when the catalytic reaction was conducted in the presence of a radical inhibitor, the
formation of the FE-linear vinyl sulfide was still evident, suggesting that this is not a
consequence of a radical background reaction. Additionally, the lack of reactivity evident in
the absence of RhCI(PPh;); supports the necessity of the transition metal in catalyzing the
reaction. Interestingly, the use of more basic and bulkier phosphine additives such as P(n-
Bu); and P(o-tol); helped increase the overall yield of the process. However, this markedly
reduced the selectivity for the E-linear isomer (A), forming the branched vinyl sulfide (B) in
appreciable quantities. The use of aromatic solvents provided mixtures of the E-linear (A)
and branched (B) vinyl sulfides, only slightly favouring A. This selectivity was increased
with the use of PhCF; as solvent, which is similar in polarity to common halogenated
solvents. To this end, the selectivity for the E-linear isomer (A) appeared unaffected with the
use of dichloromethane and 1,2-Dichloroethane, providing similar quantities of the branched
vinyl sulfide (B). The use of acetonitrile and N,N-dimethylformamide drastically reduced the
overall yield of the reaction, and appeared to facilitate the decomposition of the branched
regioisomer (B). The optimized solvent for alkyne hydrothiolation with Wilkinson’s catalyst
proved to be ethanol, providing the E-linear isomer (A) exclusively at room temperature. At
higher temperatures (40 °C), the selectivity appeared unaffected. Similar to the scope
reported for palladium- and nickel-catalyzed hydrothiolation processes, only three thiols
were examined during the course of this investigation, where aliphatic thiols proved inert to
the optimized conditions (Eq. 2.9). For simplicity the alkyne substrate in Eq. 2.9 is drawn as
terminal; however, internal alkynes are also tolerated.

3 mol% RhCI(PPhs)s SR

RISH+ = R2 /\/R2 (29)
EtOH, 20-40 °C R's + /J\Rz
A B
62-97%

only E-linear

R' = Ph, p-OMePh, p-CIPh
R2 = Ph, p-MePh, p-FPh, n-CsoHy1, n-Pr, i—@ WC' WOH
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Following this report, our group demonstrated the first example of a transition metal
catalyzed alkyne hydrothiolation capable of tolerating alkyl thiols. This utilized a highly
reactive rhodium (I) bisphosphine complex involving the popular scorpionate ligand,
hydrotris(3,5-dimethylpyrazolyl)borate or Tp*. Given the precedent for the use of similar
complexes in alkane C-H bond activation, we believed that similar reactions would occur
with less reactive aliphatic thiols.*'® Interestingly, this rhodium (I) complex gave selectivity
opposite to that of RhCI(PPh;);, yielding the branched regioisomer (B) exclusively for a
variety of alkyl thiols and alkynes. This is in agreement with the observation made by
Ogawa, where bulkier ligands gave rise to an increase in the formation of the branched vinyl
sulfide (B); however, the exact mechanistic nature behind this switch in regioselectivity is
unknown. Notably, this work represented the first time that aliphatic thiols could be used in
catalytic alkyne hydrothiolation — an important point if this strategy were to be applicable to
a number of the drug candidates discussed in Chapter 1. The substrate scope of this process
was later expanded to encompass a large number of alkynes with good functional group
tolerance (Scheme 2.7).'***" For simplicity, the alkyne in Scheme 2.7 is drawn as terminal;

however, internal alkynes are also possible.

- 1

RiSH + —R? 3 mol% RhTp*(PPhs), NG ;f
DCE:PhCHj (1:1), 0-80 °C R?

A B
15-94%

only branched

o 0
OPh NMe
R'= Bn, n-Pr, m \\/\/ ’\/y ’ MOBu”

R2= Bn, Ph, p-OMePh, p-BrPh, p-CF3Ph, p-NMe,Ph, p-CH3Ph, m-OCH4Ph, 0-OCHsPh, 0-CH4Ph, t-Bu, TMS, n-CgHya,

Et, | =
\(ENj é—@ \{\/\m WCN \{\OPh
Tt = HB\\ﬁ_N

Scheme 2.7
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A later report from our group evaluated the effect of pyrazolyl substitution and ligand
denticity on the selectivity of rhodium (I) pyrazolylborate complexes in alkyne
hydrothiolation (Figure 2.5). This study revealed that a fine balance existed between the
aforementioned parameters. In general, the greatest selectivity and yields were accomplished
with bulky tridentate ligands such as Tp*, Tp™, and Tp"™*. This may be attributed to the
stabilization of the intermediate following oxidation addition to the S-H bond of the thiol.
Alternatively, bulky ligands may prevent the formation of potentially inactive dimeric or
oligomeric thiolate complexes (Figure 2.5). In addition, Bp* demonstrated greater efficiency

and selectivity over the unsubstituted trispyrazolylborate proligand (Tp).*"®

@/5\ /A/L >1 /jH(g\/H

B~ N<\>—Ph \F\\Ph NoQ® S
NN \

~N
N-N N-N N =N - N-N
Ph Ph
Tp* TpPh TpPh, Me Tp Bp*

Figure 2.5 Pyrazolylborate Ligands Tested in Alkyne Hydrothiolation with Alkyl Thiols

Messerle and coworkers published a series of rhodium and iridium carbonyl
complexes involving bidentate NN and N,P-ligands, and tested their efficiency in catalytic
alkyne hydrothiolation.'*'** In general, cationic iridium complexes containing the pyrazole-
phosphine ligand (PyP) demonstrated greater catalytic activity relative to the analogous
imidazole-phosphine ligand (ImP). The hydrothiolation of phenylacetylene with thiophenol
in the presence of a cationic iridium PyP complex provided a mixture of linear isomers
favouring the E-linear (9:1 E:Z). This gave excellent yields of the E-linear vinyl sulfide with
catalyst loadings as low as 1 mol%. Unfortunately, this result was not extendable to other
alkyne substrates, where lower selectivity for the linear isomers was observed. Additionally,
markedly increased reaction times and temperatures were necessary for similar conversions
to those obtained for phenylacetylene. Lastly, the analogous rhodium complexes generally
provided lower selectivity and longer reaction times relative to the iridium complexes

studied.
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Figure 2.6 N,N and P,N-Ligands in Alkyne Hydrothiolation with Group 9 Metals

2.4.3 Mechanistic Comparison of Group 9 and 10 Metals in Alkyne Hydrothiolation
The contradictory regioselectivity afforded by Wilkinson’s catalyst and group 10
transition metals warrants a brief discussion of the proposed mechanisms regarding their use
in alkyne hydrothiolation. The current hypothesis regarding the mechanism of alkyne
hydrothiolation with palladium and nickel precatalysts involve processes that differ from

traditional redOX CYCICS 75, 145, 161, 163, 165, 166, 168, 184, 185, 197, 207, 209 ThlS

typically involves the
generation of an active palladium or nickel (II) thiolate complex based upon substitution of
the initial ligands present. This may result in the precipitation of oligomeric complexes,
which have been shown to serve as heterogenous catalysts in solvent-free alkyne
hydrothiolation.'” ' The next step involves coordination of the alkyne, followed by
migratory insertion into the metal-sulfur bond (II to IIT). This particular process has been
shown to occur stoichiometrically  with  palladium  (II)  thiolates  and
dimethylacetylenedicarboxylate (DMAD). Solid-state structural data obtained in this
investigation indicated a new complex involving cis-insertion of the alkyne into the metal-
sulfur bond."™ This process was then followed by a simple protonolysis; thereby,
regenerating the active thiolate complex, and releasing the corresponding branched vinyl
sulfide. A typical byproduct of this reaction involves the reductive elimination of a carbon-
sulfur bond from complex III. This generates a Z-linear trisubstituted olefin containing two
thiophenol molecules (Scheme 2.8). This forms a palladium or nickel (0) species that re-
enters the catalytic cycle upon oxidative addition with the free thiol. This metal thiolate
species can react with free thiol, producing molecular hydrogen and the catalytically active

dithiolate complex (I).'**
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PdL,(0) + HSPh —— > L,Pd(SPh)H + HSPh — > Pd(SPh),L, + H
(1
Scheme 2.8

Conversely, the use of group 9 metals in alkyne hydrothiolation is believed to involve
a more traditional rhodium (I) to rhodium (III) redox cycle consisting of oxidative addition,
migratory insertion, and reductive elimination.'* *'" *"* Ogawa and coworkers conducted
stoichiometric reactions involving the addition of thiophenol to RhCI(PPh,),, leading to the
formation of a complex consistent with I’. This was supported by NMR spectroscopic
evidence indicating the formation of a rhodium-hydride. This is believed to initiate the
catalytic cycle and is subsequently followed by the coordination of alkyne to form complex
II’. The bound alkyne can then insert into a Rh-H bond to generate complex III’, which upon
reductive elimination yields the E-linear vinyl sulfide.'"” To this end, Ogawa provided
preliminary evidence for preferential insertion of the alkyne into the Rh-H bond, as the
hydridic resonance associated with complex II’ disappeared over time, following the addition
of alkyne to complex I’. This was indicated by the formation of vinylic resonances,

suggesting the formation of a species consistent with complex III’. The formation of the E-
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linear vinyl sulfide was then accompanied by the addition of a second equivalent of

45 We believe a

thiophenol, which presumably occurred by C-S reductive elimination.
mechanism similar to that in Scheme 2.9 is operable for catalytic alkyne hydrothiolation with
RhTp*(PPh;),. However, consistent with selectivities observed for group 10 metals, complex
II’ may undergo preferential insertion into the Rh-S bond followed by C-H reductive
elimination (Scheme 2.9). This would effectively generate the branched regioisomer, rather

than the expected E-linear vinyl sulfide.'"** Detailed studies with RhTp*(PPh,), are underway.

RhCI(PPh3); + Ph—SH + =R

PPh;  oxidative addition

R
b L, RhCI(SPh)H
H SPh it
reductive = )
limination - phsH sul!?t?t'::ion
orlL, |
L
R s, N H.
Rh(SPh)L
= o AL \\/ (SPhLn 1,
PhS SPh R

o H \/

migratory insertion
Scheme 2.9

2.4.4 Sulfur-Element Bond Activation and Applications to Alkyne Addition Reactions

As discussed in the preceding sections, alkyne hydrothiolation represents the formal
addition of a sulfur-hydrogen bond across an alkyne mt-system. Given the mechanistic details
outlined above, several groups have attempted to extend alkyne hydrothiolation to include
various weak sulfur-element bonds, where oxidative addition and migratory insertion
provides more functionalized olefin products. These methods include cyanothiolation (A),
carbothiolation (B), carbonylative hydrothiolation, and the activation and insertion of

disulfides to alkynes (C). These methods typically require the use of Pd(0) complexes, as the
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initiation of the catalytic cycle requires oxidative addition into the sulfur-element bond. To
this end, the use of arylthiocyanates (A) provided excellent yield and regioselectivity when
reacted with a variety of alkynes. The use of more easily accessible alkylthiocyanates proved
ineffective under these optimized conditions."” '** ' Similarly, the use of thioesters (B) in
catalytic alkyne addition reactions provides products analogous to those obtained under
carbonylative conditions. This helps avoid the use of relatively high pressures of carbon

162, 177, 179, 190, 198, 199, 199, 200, 202-204, 211, 217 Interestingly lt was Observed
2

monoxide (Scheme 2.10).
that the formation of unsaturated lactones occurred when diphenyl disulfide (C) was reacted
with propargyl alcohols (D) in the presence of palladium tetrakistriphenylphosphine and
carbon monoxide. The success of this reaction is dependent upon the isomerization of the
intermediate vinylogous dithiocarbonate (E), which was shown to be dependent on the
presence of Pd(PPh;),. The exact nature of this isomerization process is unknown, but
speculated to involve the formation of a reactive ketene species. This is then followed by
intramolecular coordination of the propargyl oxygen and C-O reductive elimination to form

the corresponding lactone (Scheme 2.10)."”

10 mol% Pd(PPh3), SPh _ )
PhSCN + —R NC. cyanothiolation
A benzene, 120 °C R
5 mol% Pd,dbas
R_ _SR' 0 O SR
\[f + =—R 6 mol% DPPE carbothiolation
o benzene, reflux R Z R
B mixture E:Z-linear
R R 2mol% Pd(PPhs),, 60 atm CO "o disulfide addition
PhSSPh + ;(R 2 34 Rji):o under carbonylative
OH benzene, 100 °'C = conditions
c D PhS
O SPh
R = intermediate
Phs” N N
OH
E
Scheme 2.10
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2.5 Summary: Transition Metal Approaches to Carbon-Sulfur Bond Formation

As discussed in chapter 1, sulfur finds a place in myriad privileged structures that
convey biological activity with promise as chemotherapeutics for a variety of ailments. As a
consequence, the development of methods capable of reliably and efficiently synthesizing
carbon-sulfur bonds is increasing in demand. Two such processes that allow for the catalytic
formation of C-S bonds include transition metal cross-coupling reactions, and the
hydrothiolation of alkynes as discussed in the preceding sections. Of these reactions, cross-
couplings are particularly reliable for the synthesis of various aryl and heteroaryl sulfides.
Therefore, cross-couplings are prominent in medicinal chemistry for the identification and
synthesis of lead molecules. This method has also been exploited in process chemistry routes
towards the multikilogram synthesis of active pharmaceutical ingredients."*'

Conversely, the transition metal catalyzed synthesis of vinyl sulfides and their
corresponding oxidized derivatives (sulfoxide and sulfone) remains relatively unexplored.
These functionalities are beginning to demonstrate considerable applicability in the
development of peptidomimetic-based chemotherapies. This class of molecules is finding
considerable use for the development of effective treatments for neglected diseases such as
malaria, Chagas disease, and African sleeping sickness (Section 1.2). Additionally, vinyl
sulfides and their oxidized derivatives are excellent substrates for several processes including
the additive Pummerer rearrangement, Povarov-type cycloadditions [3+2], and [4+2]-
cycloadditions, the Pauson-Khand reaction, and numerous other synthetic transformations.”"*
*2 These synthetically useful reactions serve to readily introduce molecular complexity and

find continual application within natural product synthesis.
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Despite the widespread utility of vinyl sulfides in medicinal and natural product
chemistry, the synthesis of these intermediates is relatively limited. Cross-coupling
approaches to these molecules rely on the stereoselective synthesis of requisite vinyl iodides,
which often results in the production of toxic chromium waste products. To this end, alkyne
hydrothiolation represents an attractive method for the formation of vinyl sulfides. Literature
reports typically evaluate substrate scope in relation to alkynes, often ignoring the scope
relative to thiols. Likewise, procedures for the hydrothiolation of alkynes that display
tolerance of less reactive alkyl thiols are scarce in the literature. This is not unwarranted, as
ample precedent exits for the incompatibility of alkyl thiols in procedures optimized for the
use of aryl thiols in alkyne hydrothiolation.'*> '*> '*%-1%-2!" These reports often unintentionally
perpetuate the stereotype that alkyl thiols are inert in catalytic alkyne hydrothiolation, thus
preventing the pursuit and development of general methods towards this transformation. The
next chapter will involve a discussion of our progress towards the development of a general
method for alkyne hydrothiolation tolerant of alkyl thiols, and the extension of this method
towards the synthesis of molecules of medicinal interest.””> Furthermore, an evaluation of the
functional group tolerance of various aryl thiols in our alkyne hydrothiolation with
Wilkinson’s catalyst will be presented, given the literature focus on alkyne scope. This study
revealed an interesting dependence on propargyl substituents in dictating the regioselectivity

of alkyne hydrothiolation with aryl and alkyl thiols. This has particular application in the
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synthesis of cysteine protease inhibitors, such as K777, and efforts towards this synthesis will

be discussed as well.
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Chapter 3 Towards a General Method for the Hydrothiolation of Alkynes
with Alkyl Thiols

During our investigation of RhTp*(PPh,), as a catalyst for alkyne hydrothiolation
with aliphatic thiols, we became interested in reevaluating whether similar reactivity could be
observed for Wilkinson’s catalyst. Prior to this, Ogawa reported that alkyl thiols were
incompatible in alkyne hydrothiolation with Wilkinson’s catalyst. However, details
concerning the exact reaction conditions were not specified, leading us to assume that the
optimized conditions developed for aryl thiols were simply extended to aliphatic thiols. The
successful use of RhCI(PPh;); in alkyne hydrothiolation is advantageous, given the
commercial availability of this complex. Additionally, if Wilkinson’s catalyst affords the E-
linear vinyl sulfide with aliphatic thiols, this would prove complementary to the branched
regioselectivity observed for RhTp*(PPh,),. As the Z-linear isomer is often associated with
radical and nucleophilic addition of thiols to alkynes, regioselective access to all
regioisomers via alkyne hydrothiolation would be become possible, just by varying the
reaction conditions. This is advantageous in extending these methods towards the synthesis
of bioactive molecules, as well as regioisomeric analogues, which would contribute to
structure-activity-relationship studies.

In order to assess whether Wilkinson’s catalyst could effectively catalyze alkyne
hydrothiolation with aliphatic thiols, we chose to evaluate two separate model systems. In
one system, we elected to test 2,2,2-trifluoroethanethiol as a substrate given the similarity to
thiophenol (the prototypical substrate in alkyne hydrothiolation) in terms of S-H bond
acidity. Furthermore, in order to determine whether the conditions analyzed for 2,2,2-
trifluoroethanethiol were extendable to other aliphatic thiols, we also choose to investigate
cyclopentylthiol. This would assess whether the greater nucleophilicity of cyclopentylthiol
imparted any observable changes in catalytic activity or regioselectivity. The choice of
phenylacetylene as the alkyne partner allows for relative ease in assessing the regioselectivity
of the process, as this substrate will not undergo any subsequent double bond isomerization.
In the majority of cases, the regioisomers are easily distinguished by 'H NMR spectroscopy,
based upon analysis of the corresponding coupling constants. The *J value characteristic of

an E-linear vinyl sulfide is typically greater than 15 Hz whereas that of the Z-linear isomer is
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approximately 10-11 Hz. Conversely, the branched regioisomer possesses a small 'J coupling

constant of 1-2 Hz, which is often undetectable in the 'H NMR spectrum.

3.1 Establishing Precedent: Solvent and Reactivity Studies

Initial studies towards the development of an alkyne hydrothiolation methodology
with Wilkinson’s catalyst commenced with the evaluation of two aliphatic thiol substrates.
This work was done in conjunction with Dr. Shiva Shoai, who investigated the reactivity of
2,2 2-trifluoroethanethiol with phenylacetylene.”* Similarly, I explored the reactivity of
cyclopentylthiol, a more nucleophilic aliphatic thiol, under analogous conditions. These
efforts were targeted towards assessing the selectivity and efficiency of these thiol substrates
in alkyne hydrothiolation with Wilkinson’s catalyst, with the goal of optimizing the reaction
conditions.

To this end, Table 3.1 conains information regarding the influence of solvent on the
reactivity of 2,2,2-trifluoroethanethiol with phenylacetylene, in the presence of 3 mol%
Wilkinson’s catalyst. The use of ethanol as solvent in entries 1 and 2 reflects the optimized
conditions developed by Ogawa for thiophenol in alkyne hydrothiolation with Wilkinson’s

catalyst.'?

This solvent appeared to be compatible with 2,2 2-trifluoroethanethiol, leading to
a mixture of the E and Z-linear vinyl sulfides. However, identical reactivity was observed in
the absence of catalyst, suggesting that the vinyl sulfides form as a consequence of an
uncatalyzed background reaction (entry 2). The use of aromatic solvent led to the selective
formation of the E-linear vinyl sulfide, where benzene provided a superior yield relative to
toluene (entries 3 and 4). Aliphatic solvents proved ineffective, likely due to the poor
solubility of Wilkinson’s catalyst in non-polar solvents. The use of ethereal and halogenated
solvents evidently gave rise to the best selectivity for the E-linear vinyl sulfide. The greater
selectivity observed for tetrahydrofuran (THF) relative to 1,2-Dicholoroethane (DCE) was
small in comparison to the largely diminished yield for this solvent. As the solubility of

Wilkinson’s catalyst is considerably greater in halogenated solvents, we elected to use DCE

in the evaluation of the substrate scope for this process.
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Table 3.1 Solvent Optimization

x mol% RhCI(PPh) S._CFs
FsC~ OSH + =—Ph 33 o s SPh N
rt,3h Ph
ElZ-linear Branched (B)
Catalyst Isolated
a.b . 7.
Entry Loading (mol%) Solvent Yield (%) E:Z:B¢
L 3 EtOH 50 1.4:1:0
2 0 EtOH 50 1.4:1:0
3 3 toluene 70 5:0:1
4 3 benzene 85 5:0:1
5 3 hexanes <10 2:0:1
6 3 THF 51 10:0:1
7 3 DCE 90 9:0:1
8 0 DCE 0 n/a

@ Reaction conditions: 0.3 mmol phenylacetylene (0.17 M), 0.33 mmol
trifluoroethanethiol, 0.009 mmol RhCI(PPh;);. ® Solvent optimization conducted by
Dr. Shiva Shoai. ¢ Determined by 'H NMR spectroscopy.

As DCE is often used as a solvent in catalysis, its role may be more significant than
simply solubilizing the precataylst. In fact, DCE has been observed to coordinate cationic
iridium complexes in a bidentate fashion, and has been implicated in stabilizing reactive
intermediates.”” *** DCE has also been implicated in facilitating ligand dissociation with
select N-heterocyclic carbene complexes. This was speculated to occur by ligand dissociation
accompanied by irreversible alkylation of the carbene ligand through consecutive
displacement reactions.”” Lastly, the combination of Wilkinson’s catalyst and
dichloromethane (DCM) has been shown to be an effective catalyst for the alkylation of
thiols in the presence of triethylamine. No reactivity was observed for this reaction in the
absence of RhCI(PPh,),.”*® Interestingly, we did not see the formation of products consistent
with thiol alkylation in the reactions studied, even though DCE was an effective electrophile
in the aforementioned report.

As mentioned earlier, we wished to quickly ascertain whether the conditions above
would be extendable to other aliphatic thiols prior to a more comprehensive investigation of
substrate scope. Thus, using the optimal conditions found by Dr. Shiva Shoai, we were now

poised to investigate the reactivity of cyclopentylthiol with phenylacetylene in the presence
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of varying amounts of Wilkinson’s catalyst, in CDCl; and C,D,. This choice reflects the
solvents that provided optimum yield in Table 3.1 (entries 4 and 7), where CDCl; is
comparable to DCE in solubilizing Wilkinson’s catalyst and is much less expensive than
deuterated-DCE.

As indicated in Table 3.2, use of more nucleophilic substrates like cyclopentyl thiol is
tolerated with Wilkinson’s catalyst, with optimum efficiency in halogenated solvents.
However, unlike the reaction of 2,2,2-trifluoroethanethiol with phenylacetylene, the above
transformation appears to show considerable amounts of a byproduct resembling the dimer of

229,230 .- .
> =7 This result is not

phenylacetylene, which is known to form under rhodium (I) catalysis.
surprising as the rhodium-sulfur bond would be predicted to be stronger with
cyclopentylthiol relative to 2,2,2-trifluoroethane thiol. The stronger bond may slow reductive
elimination or a separate step critical to the catalytic cycle proposed by Ogawa (Scheme 2.9),
leading to competitive alkyne dimerization. Consequently, the alkyne dimer may inflate the
observed 'H NMR conversion, given the dependence on the limiting reagent in the formation

of this byproduct. Nonetheless, we were pleased to have preliminary data demonstrating for

the first time the feasibility of alkyne hydrothiolation with alkyl thiols.
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Table 3.2 In-Situ Analysis of Cyclopentylthiol and Phenylacetylene

x mol% RhCI(PPh S
O*SH + =—Pnh Ak (PPhs)s O\ «_ph * \/ \O
rt, ime T Ph

E/Z-linear Branched (B)
Entry? Loagiﬁ;al(}::;%) Solvent Time (h) Conversion (%)P E:Z:Bb
1 3 CDCly 1 60 5:0:1
2 3 CDCl, 2 72 5:0:1
3 3 CDCl3 6 86 5:0:1
4 3 CDCl3 22 >95 5:0:1
5 3 CeDs 1 39 2:0:1
6 3 CsDs 2 46 1:0:1
7 3 CeDs 19 66 1:0:1
8 5 CgDs 1 38 1.2:0:1
9 5 CeDsg 2 42 1.2:0:1
10 5 CgDg 19 55 1.2:0:1

@ Reaction conditions: 0.15 mmol alkyne (0.15 M), 0.17 mmol thiol, 0.0045 mmol RhCIl(PPhs);.
b Determined by 'H NMR spectroscopy, based on integration of vinyl sulfide and terminal
alkyne resonances.

phenylacetylene dimer = Ph%(

Ph

3.2 Evaluation of Substrate Scope (in-situ Experiments)

Given the compatibility of 2,2,2-trifluoroethanethiol and cyclopentylthiol in alkyne
hydrothiolation, we elected to further explore the limits of this transformation with the
combination of several aliphatic thiols with both aliphatic and aryl alkynes (Figure 3.1). The
evaluation of substrate scope, as well as the optimization discussed above, was done in

conjunction with Dr. Shiva Shoai in the laboratory of Dr. Jennifer Love.
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Figure 3.1 Thiol and Alkyne Substrates Examined

Having established the ability of cyclopentylthiol and phenylacetylene to undergo
catalytic alkyne hydrothiolation, we selected the reaction of cyclopentylthiol with 1-
ethynylcyclohexene, which is structurally similar to phenylacetylene (entry 1 and 2, Table
3.3). This transformation appeared quite selective for the corresponding E-linear vinyl
sulfide; however, the reaction did not reach completion at room temperature. Additionally,
the formation of a new byproduct was present, which did not appear to be consistent with
alkyne dimerization. The selectivity of this process did not significantly change at higher
temperatures (65 °C), although the yield appeared to decrease slightly. A comparable yield
was obtained when the reaction of cyclopentylthiol and 1-ethynylcyclohexene was conducted
in refluxing d*-toluene (58%, 24 hours). Consistent with the optimization data, the use of
hydrocarbon solvents led to a reduction in selectivity, providing a 2:1 ratio of the E-linear
and branched regioisomer. Interestingly, it appeared that the branched vinyl sulfide slowly
decomposed at higher temperature, generating a similar byproduct as observed in entries 1
and 2 in Table 3.3. Given the influence of temperature on the decomposition of the branched
regioisomer we speculate that this may be the result of a Diels-Alder cycloaddition process,

where unreacted alkyne may serve as the dienophile in this reaction. The isolation of this

60



byproduct, or the E-linear vinyl sulfide was complicated by an apparent instability to column
chromatography. The use of triethylamine-washed silica or neutral alumina proved
ineffective in separating the two compounds and often led to the formation of additional
byproducts, thus complicating the interpretation of spectral data.

Undeterred, we chose to investigate other aliphatic thiols in conjunction with 1-
ethynylcyclohexene, as the corresponding sulfur substituted 1,3-dienes may prove useful in
Diels-Alder cycloadditions. Gratifyingly, treatment of 1-ethynylcyclohexene with
benzylmercaptan resulted in the highly selective formation of the E-linear vinyl sulfide at
room temperature over a period of 24 hours (entry 3). Alternatively, the reaction of 1-
propanethiol is considerably slower, requiring higher temperatures relative to
benzylmercaptan. Additionally, a byproduct similar to that observed for the reaction of
cyclopentylthiol with 1-ethynylcyclohexene was evident. The greater reactivity of
benzylmercaptan relative to cyclopentyl and propane thiol is consistent with literature
observations. This relates to the greater catalytic activity observed for less nucleophilic thiols

when reacted with structurally similar alkynes.'®
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Table 3.3 In-Situ Analysis of Substrate Scope

x mol% RhCI(PPh S
R-SH + =—R? ° (PPhs)s RN -S.p1 * R’ \I/
CDCls, temp., time R2
E:Z-linear Branched (B)
. . in-situ Selectivity®
a 1 2 1%  Temp. ('C Time (h

Entry R R mol % emp. (C) ime (h) Yield (%)°  (E:Z:B)
1 E>—i 5—@ 3 rt 30 64 only E¢
2 E>—§ 2—@ 10 40 24 56 only £
3 Ph E—@ 3 it 24 85 17:0:1
4 PN i—@ 3 65 2 42 only E9
5 PhY é—@ 3 it 20 % 19:0:1°
6 PhAfr §—©—Br 3 rt 24 65 3:0:1
7 Ph/y E—@OMe 3 rt 24 84 4:0:1
8 PN §—® 3 65 2 57 3:0:1

o)
9 % §—© 3 rt 24 72 7:0:1
0

10 % N onc 3 rt 2410 168 <5 n/a
11 Ph Y /\’< 3 rt 72 19 only £
12 Ph Y /\K 3 65 24 30 only Ef

/
13 HSM E—Si\— 3 rt 24 >95 only Ef

@ Reaction conditions: 0.15 mmol alkyne (0.15 M), 0.17 mmol thiol, 0.0045 mmol RhCI(PPhs)s, 1,3,5-trimethoxybenzene (TMB).
® Yield determined by ratio of vinyl sulfide resonance and TMB aryl C-H. ¢ Determined by '"H NMR. ¢ Unidentified byproduct
present. ® Experiment conducted by Dr. Shiva Shoai. f 10 equivalents of alkyne used.

Of the alkyl thiols examined in Table 3.3, benzylmercaptan demonstrated the most
promising reactivity at room temperature. This often provided excellent regioselectivity for

the E-linear vinyl sulfide with good to excellent yield. The reaction with 4-
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ethynylbromobenzene represents an exception, but may be a consequence of competitive
insertion of Wilkinson’s catalyst within the weak carbon-bromine bond (entry 6).
Consumption of starting material during the reaction of 4-ethynylbromobenzene with
benzylmercaptan seemed to be disproportionate to the formation of the corresponding E-
linear and branched vinyl sulfides. This supports our assumption that Wilkinson’s catalyst
may competively insert into the carbon-bromine bond of 4-ethynylbromobenzene. The use of
furfuryl mercaptan in place of benzylmercaptan also provided good regioselectivity and yield
in the hydrothiolation of phenylacetylene (entry 9). However, no appreciable conversion was
evident over several days when furfuryl mercaptan was reacted with propargyl acetate (entry
10). This lack of reactivity may be a result of coordination of the acetate group to
Wilkinson’s catalyst. Consequently, this coordination may inhibit catalytic processes such as
migratory insertion or oxidative addition of the complex to the sulfur-hydrogen bond. This is
consistent with previous results concerning the reactivity of propargyl ethers in alkyne
hydrothiolation with RhTp*(PPh;), as catalyst.*”> The use of bulky aliphatic alkynes also
demonstrated reduced rates of reaction, requiring higher temperatures and concentrations to
achieve reasonable yields (entries 12 and 13). The increased bulk of these alkynes did appear
to reinforce the formation of the E-linear vinyl sulfide, where this was the sole product
evident in entries 12 and 13.

These in-situ experiments suggest that optimal reactivity is observed for the reaction
of more activated alkyl thiols, such as benzylmercaptan, and conjugated alkynes such as
substituted phenylacetylenes and 1-ethynylcyclohexene. Decreased reactivity is observed for
the treatment of unfunctionalized alkyl thiols such as 1-propanethiol and cyclopentylthiol,
and aliphatic alkynes like fert-butylacetylene and ethynyltrimethylsilane. With this
information in mind we set out to evaluate the ease in isolating the vinyl sulfide products

present in Table 3.3.

3.3 Evaluation of Substrate Scope (Preparative Reactions)

Preparative scale reactions for the synthesis of a variety of E-linear alkyl vinyl
sulfides are illustrated in Table 3.4. In general, larger scale reactions provided similar
selectivity and yields to those done in-situ. Furthermore, the selectivity appeared relatively

unaffected at higher temperature, where reactions run at room temperature were simply lower
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yielding (entries 1, 2, 5, and 6). The use of butyl 3-mercaptopropionate (entry 11) is of
particular interest as this substrate would likely be incompatible with cross-coupling
procedures that require stoichiometric amounts of base. This relates to the positioning of the
sulfur at the B-carbon relative to the ester moiety, which may cause vinyl sulfide 23 to be
highly susceptible to base-mediated elimination.

The reaction of 2-phenoxyethanethiol with propargyl acetate was selected given the
presence of chelating functionalities on either substrate (entry 14). This was evaluated based
upon the in-situ reaction of furfuryl mercaptan and propargyl acetate, where no vinyl sulfide
was observed over an extended period of time (Table 3.3, entry 10). The use of 2-
phenoxyethane thiol appeared to yield more of vinyl sulfide 26; however, unreacted starting
materials represented the majority of the isolated mixture. Interestingly, the branched
regioisomer appeared to be the principle vinyl sulfide formed, suggesting that propargyl
heteroatoms may influence the rate and selectivity of this process. Lastly, Dr. Shoai
demonstrated that alkyne hydrothiolation reactions involving 2,2,2-trifluoroethanethiol gave
competitive yields of vinyl sulfides 16, 19, and 25 with markedly reduced reaction times
(entries 3, 7, and 13). This provides support for an inverse relationship between thiol
nucleophilicity and catalytic activity, where non-nucleophilic thiols represent ideal

substrates.
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Table 3.4 Substrate Scope (Preparative)

3 mol% RhCI(PPh S
o (PPh3)3 Rz\'\/s\R1 + R! \[/

R-SH + =—R2 :
DCE, temp., time R2
E:Z-linear Branched (B)
Vinyl . ) . Selectivity?
1 2 9

Entry R R Sulfide Temp. (°C) Time (h) Yield (%) (EZB)
1 PRy 2_@ 15 t 24 67 only £
2 Ph/\;f E—@ 15 80 24 95 only E

3 F3C/>'f 5—@ 16 rt 1 46b° 6:0:1
4 Ph/\;g’r é—é 17 t 24 20 only E4
5 Ph/\f §—© 18 rt 16 89 10:0:1

6 Ph/\f §—© 18 65 24 95 5:0:1
7 F3C/>f; §—® 19 rt 1 90° only E

8 PhY §—®7Br 20 65 24 89 4:0:1

9 Ph/\f 3—@01\% 21 65 24 82 40:1

o)
10 [/)—>/ §—© 22 65 24 96 8:0:1
0
11 §—© 23 t 24 72 8:0:1
"BuO

SN ( f

I e,

12 Hs b SI\ 24 rt 24 67 only E

/

13 Fsc/\j Si— 25 rt 2 65 only E°

-

dominately
14 A~ N oac 26 65 24 na P
PhO branched?

2 Determined by 'H NMR. Y In-situ yield. ¢ Experiment conducted by Dr. Shiva Shoai. ¢ 1.1 equivalents of alkyne used. ©

Small amount of mono-hydrothiolation product formed. f 10 equivalents of alkyne used & Mainly unreacted starting material.

In addition to the terminal alkynes evaluated, internal alkynes are also tolerated under

the optimized conditions. In particular, the reaction of diphenylacetylene with
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cyclopentylthiol yielded the vinyl sulfide (27) in 54% yield after 5 days (Eq. 3.1). The use of
3-hexyne in place of diphenylacetylene proved less effective in alkyne hydrothiolation,

where minimal conversion was observed under similar conditions.

3 mol% RhCI(PPh E}s
E}SH + Ph—=—ph mol% RhCI(PPha)s N— 3.1)

CDCl3, TMB, 65 °C, 5 d
Ph Ph

TMB = 1,3,5-trimethoxybenzene 27
54%

3.3.1 Limitations of Alkyne Hydrothiolation with Alkyl Thiols

The conditions optimized for the hydrothiolation of alkynes with aliphatic thiols
proved tolerant of a variety of useful functionalities. Importantly, our methodology for
catalytic alkyne hydrothiolation constitutes the first general approach towards the synthesis
of alkyl vinyl sulfides. However, a noticeable lack of reactivity was observed for select
substrate combinations (Figure 3.2). In particular, thiols containing proximal heteroatoms
capable of chelating the active catalyst often proved inert to the optimized conditions.
Additionally, the use of aliphatic alkynes typically gave poor yields and lower selectivity for
the E-linear vinyl sulfide. The use of propargyl acetate was ineffective as an alkyne substrate,
where only small amounts of the branched vinyl sulfide (26) were formed when this
compound was treated with 2-phenoxyethanethiol. This suggests that the presence of
heteroatoms near the alkyne terminus may influence regioselectivity in alkyne
hydrothiolation with Wilkinson’s catalyst. Lastly, the use of ynoates in alkyne
hydrothiolation appeared to undergo substantial background reactions involving conjugate

addition of the thiol, yielding a complex mixture of regioisomers.

o)
Etoj\%
Ho ~SH MezN\ Aco/\\\

Figure 3.2 Challenging Substrates in Alkyne Hydrothiolation with Wilkinson’s Catalyst
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3.4 Summary of Alkyne Hydrothiolation with Alkyl Thiols
Our decision to investigate whether aliphatic thiols are tolerated in alkyne
hydrothiolation with rhodium (I) precatalysts, stemmed largely from the success encountered

with RhTp*(PPh,),."* Given the literature precedent suggesting the incompatibility of
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Wilkinson’s catalyst in alkyne hydrothiolation with alkyl thiols, we were pleasantly surprised
to observe the tolerance of these substrates in our optimized system. The ability of our
hydrothiolation methodology to tolerate aliphatic thiols likely represents the result of
substrate choice rather than the reaction conditions examined. The use of cyclohexanethiol as
a substrate in Ogawa’s optimized conditions reflects the group’s history in developing
palladium- and platinum-catalyzed thiocarbonylations.'*> "% 1% 1% 231 Thig particular thiol
demonstrated the greatest reactivity, which may explain the choice in evaluating this
substrate in alkyne hydrothiolation with Wilkinson’s catalyst. Conversely, our discovery that
more functionalized thiols are compatible with Wilkinson’s catalyst may reflect a
dependence of catalytic activity on the nucleophilicity of the thiol. In particular, the ability of
2,2 2-trifluoroethane thiol to engage in catalytic alkyne hydrothiolation with similar
efficiency as observed for arene thiols, suggests that the nucleophilicity of the thiol may
certainly be relevant to the observed catalytic activity. With this in mind, and given that
results had previously been reported for only three aryl thiols, we decided to evaluate the

substrate scope relative to arene thiols in alkyne hydrothiolation with Wilkinson’s catalyst.

3.5 Evaluation of Substrate Scope (Arene Thiols)

Given the similarity in pKa of 2,2,2-trifluoroethane thiol to thiophenols, we decided
to investigate the reactivity of a variety of aryl thiols in alkyne hydrothiolation with
Wilkinson’s catalyst. We anticipated that the lower nucleophilicity of aryl thiols would allow
for similar yields and reaction times with phenylacetylene as that obtained for 2,2,2-
trifluoroethane thiol. For consistency, the reactions of aryl thiols were run at room
temperature (where possible), for a duration of 1 hour. This would enable us to assess the
relative reactivity of the arene thiol to 2,2 2-trifluoroethane thiol. The reaction of a series of
para-substituted thiophenols with phenylacetylene under the optimized conditions
determined for alkyne hydrothiolation with aliphatic thiols is illustrated in Table 3.5 below.

As predicted, the reaction of thiophenol with phenylacetylene proceeded with similar
efficiency as the analogous reaction with 2,2,2-trifluoroethane thiol, providing the E-linear
vinyl sulfide (28) with excellent selectivity (entries 1 and 2). Furthermore, the ability of
Wilkinson’s catalyst to tolerate a range of p-substituents in alkyne hydrothiolation stands in

contrast to reports describing the use of Pd(OAc),."" The greater tolerance of rhodium (I)
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systems towards p-substitution of the arene thiol is consistent with Ogawa’s later report.

However, only 4-methylbenzenethiol and 4-chlorothiophenol were tested in addition to

thiophenol. Furthermore, it appears that the use of DCE as solvent drastically lowers the

reaction time relative to that observed for ethanol (20 hours). This is likely the consequence

of the greater solubility of Wilkinson’s catalyst in halogenated solvents compared to

alcohols.'®

Table 3.5 Aryl Thiol Substrate Scope

3 mol% RhCI(PPhs)s

RI-SH +

Ph

DCE, temp., time

S
P Segr + R Y

Ph

E:Z-linear Branched (B)
Entry R o Temp.(°C)  Time (h) J?:,Lazi/?)a Selectivity (£:Z:B)°

1 F3C/>"g 19 rt 1 90 only E°
2 ®—§ 28 rt 1 93 20:0:1
3 F304©—§ 29 rt 1 79 only E
4 OZNAQ—E 30 rt 1 72 10:1:0
5 Br~®—§ 31 rt 1 90 only E
6 CI@—E 32 rt 1 75 10:1:0
7 33 rt 1 50 only E9
8 H304®—§ 34 rt 1 98 only E
9 MeO@—E 35 rt 1 95 only E
10 MeS@—; 36 rt 1 94 33:0:1
1" HO@—; 37 rt 24 95 14:0:1
12 H2N4®—§ 38 80 24 91 3:0:1

a Average over several runs. P Determined by integration of relevant vinyl signals. ¢ Experiment
conducted by Dr. Shiva Shoai. ¢ Potentially contaminated with disulfide or sulfoxide of 33.
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The use of electron withdrawing groups is tolerated under these conditions, typically
affording the corresponding E-linear vinyl sulfide in good yield and regioselectivity. The
reduction in yield observed for thiophenols containing strong inductively withdrawing groups
in the para-position, such as entries 3 and 4, may be a function of metal-sulfur back bonding
with the rhodium (III) intermediate. The strength of this interaction may be heavily
influenced by the relative location of the phosphine ligands, where a trans relationship would
likely give rise to a greater degree of back bonding. This may slow processes such as alkyne
coordination, or insertion into the rhodium-sulfur bond, which may also explain the high
selectivity for the linear regioisomers for these substrates. The presence of the Z-linear
regioisomer (entries 4 and 6) is attributed to a radical background reaction. The observation
of the Z-linear isomer is more prevalent with the use of arene thiols, presumably due to the
lower homolytic S-H bond energy of aryl (79.1 kcal for PhSH) relative to alkyl thiols (86.1
kcal for PhCH,SH).”* *** The radical background reaction can largely be prevented by
wrapping the round bottom with aluminum foil prior to the addition of the thiol.

The use of electron donating groups (entries 8-12) was well tolerated in this system,
where aryl ethers and free phenols were acceptable substrates (entry 9 versus 11).
Additionally, use of 4-aminothiophenol and 4-mercaptophenol represent chemoselective
functionalizations of the sulfur-hydrogen bond relative to the nitrogen or oxygen-hydrogen
bonds. However, these reactions did require extended reaction times, suggesting that the
presence of these unprotected functionalities may lead to competitive coordination events.
This may slow the oxidative addition of Wilkinson’s catalyst to the S-H bond, or prevent the
subsequent coordination of phenylacetylene. The reduced selectivity for the E-linear vinyl
sulfide (38) in entry 12 is likely the consequence of the higher temperature employed, where

room temperature led to much lower conversion.

3.5.1 Limitations of Alkyne Hydrothiolation (Arene Thiols)

The presence of alkyl and aryl sulfones in several medicinally active compounds
illustrates the need for the convenient synthesis of vinyl sulfide precursors. The tolerance of
our alkyne hydrothiolation methodology for a multitude of aliphatic and aryl thiols with
sensitive functionalities will allow for further studies towards the synthesis of biologically

active compounds and analogues thereof. As heteroaromatic species such as pyrimidines and
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imidazoles are commonly found in molecules of therapeutic value, we were interested in
testing the limits of the arene thiol scope with the substrates depicted in Figure 3.3.
Unfortunately, these thiols proved inert to the optimized conditions for alkyne
hydrothiolation. Additionally, the use of higher catalyst loadings and elevated temperatures
failed to improve the efficiency of these reactions. This is likely due to the lower solubility of
these substrates in DCE and the large number of Lewis basic groups which may interfere

with the active catalyst in solution.
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Figure 3.3 Challenging Arene Thiol Substrates in Catalytic Alkyne Hydrothiolation

3.5.2 Summary Arene Thiol Substrate Scope

The results included in Table 3.5 demonstrate how our optimized conditions for the
use of alkyl thiols in alkyne hydrothiolation are readily extendable to the use of arene thiols
with a variety of para-substituents. In general, it appears that para-substitution has little
effect on the rate of hydrothiolation, except in the presence of functional groups capable of
binding to Wilkinson’s catalyst. This is in contrast to our initial hypothesis that thiol
nucleophilicity may correlate with the observed catalytic activity in alkyne hydrothiolation.
Consequently, Matthew Wathier, a second year PhD student in the laboratory of Jennifer
Love, is currently conducting more quantitative kinetic investigations in order to assess the
effect of para-substituents on the rate of alkyne hydrothiolation with arene thiols. The
preliminary results of these studies demonstrate no clear relationships between para-
substitution and the observed rate of hydrothiolation. Further mechanistic studies will ideally
aid in the development of second-generation rhodium catalysts that will be capable of

incorporating the thiol substrates shown in Figures 3.2 and 3.3 in alkyne hydrothiolation.

3.6 Alkyne Hydrothiolation for the Synthesis of Biologically Active Compounds
The ability of our optimized conditions to tolerate a range of aliphatic and arene thiols

in alkyne hydrothiolation encouraged us to explore the utility of this methodology in the
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synthesis of biologically active compounds. In particular, we were interested in an alkyne
hydrothiolation, oxidation sequence for the synthesis of E-linear vinyl sulfones present in
compounds such as K777. This is demonstrated in Scheme 3.1, where interception of the
known intermediates could be accomplished upon oxidation of the vinyl sulfide synthesized
through alkyne hydrothiolation. This would likely require the use of one or two protecting
groups on the propargyl amine, in order to avoid unproductive coordination of the nitrogen to
Wilkinson’s catalyst. This substrate combination has thus far proven resistant to our
optimized conditions with alkyl thiols (Section 3.3.1). Additionally, the presence of an
oxygen-protecting group in the propargyl position appears to affect both reactivity and
selectivity of these substrates in alkyne hydrothiolation (Table 3.3, entry 10, page 62). Given
the incompatibility that this substrate combination may possess, we decided to evaluate the
use of a series of propargyl amines in alkyne hydrothiolation with thiophenol and benzyl

mercaptan.

o Ph o Ph
J\ H SO.Ph known J\ oH
(\N H ‘25. \/\/ 2 > K\N H + PGXN\;/\/SOZPh
o = N o _Ph

N \) _Ph
K777 % .
PGN__ X _SO,Ph 1) hydrothiolation PGXN\/// o
: g Y +
:\/ Ph 2) oxidation _\/ Ph
40 41
Scheme 3.1

3.6.1 Propargyl Amine Substrates in Alkyne Hydrothiolation

The use of alkynes with oxygen and nitrogen groups in the propargyl position are
well represented in group 10 metal-catalyzed alkyne hydrothiolation.'*> 1" 64166, 168, 169, 186, 187,
1% 2% Furthermore, the use of unprotected propargyl amine in the zirconium-catalyzed
hydrothiolation of alkynes led to a surprising rate enhancement, suggesting an active role of
the proximal nitrogen during the catalytic cycle. Additionally, the selectivity of this process
was largely dependent on the zirconium precatalyst employed, suggesting that the nitrogen

may also play a role in dictating regioselectivity.>> Given the tolerance of these substrates

with transition metal precatalysts from groups 4 and 10, it is surprising that few examples
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exist for rhodium (I) catalyzed processes. Ogawa demonstrated the successful use of 4-
pentyn-1-ol in rthodium (I) catalyzed hydrothiolation and hydrothioformylation; however, the
oxygen is three atoms removed from the reactive alkyne terminus.'*>'** The use of propargyl
alcohol was largely unsuccessful with N,N and P ,N-complexes of rthodium and iridium. This
appeared to yield very little of the corresponding vinyl sulfide, despite the use of extended
reaction times and higher temperatures.'*>'*

Given the information above, it appears that the use of propargyl amine or alcohol
substrates in catalytic alkyne hydrothiolation with RhTp*(PPh;), and group 10 metal
complexes may reflect a “matched” scenario. This is meant to suggest that both the substrate
and the active catalyst mutually reinforce reactivity and regioselectivity. In order to assess
reactivity of these substrates in alkyne hydrothiolation with Wilkinson’s catalyst, we elected

to evaluate the propargyl amine compounds below. This selection is based upon the varying

electronic nature expected for the tertiary amine (42) and the carbamates 43 and 44.

42 43 44

Figure 3.4 Propargyl Amine Substrates Examined in Alkyne Hydrothiolation

The Boc-protected propargyl amines 43 and 44 were synthesized according to a
literature procedure detailing the formation of the diprotected adduct (44). Conveniently, this
process provided both the mono (43) and diprotected (44) propargyl amines that could be
separated chromatographically.”® With these compounds in hand, we sought to test their
efficiency in alkyne hydrothiolation at a variety of temperatures and catalyst loadings with
both thiophenol and benzyl mercaptan.

The room temperature reaction of thiophenol with propargyl amine 44 formed very
little product at catalyst loadings of 3 and 5 mol%. At 10 mol% the reaction proceeded
smoothly, and provided a 1.6:1 mixture of the E-linear and branched regioisomers (Table 3.6,
entry 3). On preparative scale, it was found that lower catalyst loadings were employable at

temperatures of 80 °C, giving similar selectivity and yield of vinyl sulfide 45 compared to the
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use of 10 mol% RhCI(PPh;);. The formation of the branched regioisomer with catalytic
amounts of RhCI(PPh;); was unexpected, given the high regioselectivity for the E-linear
isomer as demonstrated in Tables 3.4 and 3.5. This suggests that the carbamate oxygens may
serve to direct the regioselectivity of this process, as the tert-butoxycarbonyl protecting
groups should render the nitrogen lone-pair unavailable for chelation. The use of propargyl
amine (43) with thiophenol proved to be less reactive than the diprotected version, likely
reflecting the ability for this substrate to competitively bind to Wilkinson’s catalyst. At 10
mol% catalyst loading the yield of the reaction improved to 12%, providing an equimolar
mixture of the E-linear and branched regioisomers (Table 3.6, entry 6). The selectivity of this
process was slightly lower than that of the corresponding diprotected analogue (44);
however, this may simply be a consequence of experimental error. The use of the tertiary
amine (42) in this process proved unreactive at room temperature, providing small amounts
of the corresponding vinyl sulfide. Interestingly, this appeared to yield the branched
regioisomer exclusively, suggesting that the propargyl amine may serve to direct the
selectivity of this process. The lack of reactivity for this process may be attributable to an
acid-base process between the basic tertiary amine and thiophenol. This may lead to the
formation of various catalytically inactive thiolate complexes, or may prevent the formation

of a rhodium-hydride species necessary for insertion to the alkyne.
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Table 3.6 Hydrothiolation of Propargyl Amines 42-44 with Thiophenol

1% RhCI(PPh -3
Ph—SH + =Rt xmol% RCIPPRG)s - o Supy + PITF
CDCly, 1t, 24 h R
E:Z-linear Branched (B)
Vinyl Catalyst - In-Situ
1
Entry R Sulfide  Loading (mol%) S®1ECVIY® i) o)

1 BoczN/Y 45 3 N/A <5
2 BoczNﬁf” 45 5 N/A <5

3 BooN Y a5 10 161 EB 95 (95)°4
4 BocHNY a6 3 N/A <5
5 BocHN Y 46 5 N/A <5
6 BooHN Y 46 10 124 EB 12
7 MeoN " a7 3 100% B 6
8 MeN" a7 5 100% B 9
9 MeoN " a7 10 100% B 7

a Determined by integration of the relevant vinyl signals. P Yield determined by ratio of vinyl sulfide
resonance and aryl C-H of 1,3,5-trimethoxybenzene. ¢ Isolated yield (%). ¢ Conditions:
3 mol% RhCI(PPh;);, DCE, 80 °C, 24 h.

We next investigated the reactivity of benzyl mercaptan with propargyl amines 42-44
in order to assess the selectivity and reactivity of aliphatic thiols relative to thiophenol. The
room temperature reaction of benzyl mercaptan with propargyl amines 42-44 appeared to
yield none of the desired vinyl sulfides 48-50. This is consistent with the general lack of
reactivity characteristic of aliphatic thiols with less activated alkynes, such as the propargyl
derivatives examined. However, when benzyl mercaptan was mixed with propargyl amine 42
a small amount of vinyl sulfide 50 was produced with exclusive selectivity for the branched
regioisomer. The conditions used for entry 8 were repeated on larger scale, with an extended

stir period of 36 hours, giving the branched vinyl sulfide in 47% isolated yield (Table 3.7).
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Table 3.7 Hydrothiolation of Propargyl Amines 42-44 with Benzyl Mercaptan

x mol% RhCI(PPh3), Ph S
“SgH + =—R! 1S _Ph +
P sH R CDClg, 1t, 24 h R \R(
E:Z-linear Branched (B)
Entry R Vinyl Catalyst In-Situ

Sulfide  Loading (%) SeeCMY®  \io iy onp

1 BoczNﬁ 48 3 N/A <5
2 BOCZN/\J,?Ié 48 5 N/A <5
3 BOCZN/\/rf 48 10 N/A <5
4 BOCHN/\K»"fx 49 3 N/A <5
5 BocHN/Y 49 5 N/A <5

6 BocHN/\f 49 10 N/A <5
7 MezNﬁf’e 50 3 100% B 5
8 MezN/\fg 50 5 100% B 5 (47)cd
9 MezN/\jr‘; 50 10 100% B 18

2 Determined by integration of the relevant vinyl signals.? Yield determined by ratio of
vinyl sulfide resonance and aryl C-H of 1,3,5-trimethoxybenzene. ¢ Isolated yield (%).
d Conditions: 5 mol% RhCI(PPhs);, rt, DCE, 36 h.

In order to better assess the reactivity and selectivity of benzyl mercaptan with
propargyl amines 42-44 we investigated entries 1 and 3 from Table 3.7 at higher
temperatures. This yielded small amounts of the vinyl sulfides, where the use of the
diprotected substrate (44) demonstrated the best selectivity for the E-linear isomer (48, entry
2, Table 3.8). This is in agreement with the results obtained for thiophenol, where
diprotection of the propargyl amine seems necessary to achieve partial selectivity for the E-
linear regioisomer. Interestingly, when 43 was heated in the presence of benzyl mercaptan it
appeared that the branched regioisomer slowly decomposed over time (entry 3 versus entry 4,
Table 3.8). This is consistent with the use of propargyl alcohol in related rhodium- and
iridium-catalyzed alkyne hydrothiolation reactions reported by Field and Burling.'"** '* In
these reports, the branched regioisomer appeared to undergo subsequent double bond

migration, eventually yielding the corresponding aldehyde.
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Table 3.8 Hydrothiolation of Propargyl Amines 43-44 at Higher Temperature

3 mol% RhCI(PPhg)s Ph S
PN + — p1 S Ph +
Ph™ "SH 7 =-R CDCly, 65 °C, time (h) RIS \F':/
E:Z-linear Branched (B)
Vinyl ) In-Situ
; -
Entry R Sulide  1ime  Selectivity? Yield (%)°
1 BoczN“jg 48 1 211 EB 5
2 BoczN“f’f 48 24 211 EB 9
3 BocHN/Y 49 1 1:1.3 EB 21
4 BocHN/vf 49 24 only E 100

2 Determined by integration of the relevant vinyl signals. ® Yield determined by ratio
of vinyl sulfide resonance and aryl C-H of 1,3,5-trimethoxybenzene. ¢ Reduction in
yield reflects decomposition of the branched regioisomer.

The results depicted in Tables 3.6 to 3.8 demonstrate that the presence of a propargyl
heteroatom clearly impact the regioselectivity of alkyne hydrothiolation with Wilkinson’s
catalyst. As the substrates in these studies represent propargyl amines derived from glycine,
it seems reasonable that this methodology could be extended to the synthesis of
peptidomimetic vinyl sulfones. Ideally, the use of sterically hindered substrates may inhibit
the formation of the branched regioisomer. Erica Kiemele, a colleague working towards the
synthesis of K777, demonstrated that the diprotected propargyl amine substrate (51) reacted
efficiently with thiophenol (Eq. 3.2). This resulted in a 25:1 ratio of regioisomers favouring
the E-linear vinyl sulfide 52, suggesting that o-substitution does sterically shield the
formation of the Markovnikov adduct. The selective formation of the E-linear vinyl sulfide
below constitutes a formal synthesis, where progress towards a completed synthesis of K777
and analogues thereof is currently underway. Given the substrate scope depicted in Table 3.6,
the use of alkyne hydrothiolation towards the synthesis of K777 should prove readily
amenable to the synthesis of analogues. The following section will discuss preliminary
results towards a separate medicinally active vinyl sulfone, ON 01910.Na, which possesses

anti-cancer properties.
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SPh

P 0
onsh + BoaN_F 3 mol% RhCI(PPhs)s (Boo)N_~SPh , BoN_K. (37
: DCE, rt, 24 h : :
L_Ph _Ph _Ph
51 52

91% yield
25:1 E-linear:branched
PG, = protecting group

3.6.2 Alkyne Hydrothiolation as a Strategy Towards the Synthesis of ON 01910.Na

Given the applicability of alkyne hydrothiolation towards the synthesis of K777, we
thought a similar sequence could be used in synthesizing ON 01910.Na. This would intercept
the known intermediate vinyl sulfone 53, which can be elaborated to ON 01910.Na in three
known steps. We envisioned that this intermediate 53 could be synthesized through the
hydrothiolation of 24.,6-trimethoxyphenylacetylene (54) with thiol 55 derived from 4-
methoxy-3-nitrotoluene (58, Scheme 3.2).

To this end, 24.6-trimethoxyphenylacetylene (54) was synthesized from 24.,6-
trimethoxybenzaldehyde (56) using the Corey-Fuchs homologation procedure, giving the
desired alkyne in 24% overall yield. Similarly, the thiol (55) was synthesized by radical
bromination of 4-methoxy-3-nitrotoluene (58) with a combination of benzoylperoxide and N-
bromosuccinimide in refluxing carbon tetrachloride. Following this, the benzylic bromide
(59) was displaced with the in-situ generated potassium salt of thioacetic acid. The
intermediate thioester was then hydrolyzed by adding methanol to the mixture, as a one-pot
synthesis of thiol 55 (Scheme 3.2). With these substrates in hand we set out to determine

their compatibility in catalytic alkyne hydrothiolation with Wilkinson’s catalyst.
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0 ~ 0
0
\Q‘s’ﬁ Z o
NO,
- HS NG
~o o) o (|D 2
|
53 54 55
CBr,, PPh, n-BuLi Z
DCM,0 Ctort, 2 h THF, -78 'Ctort, 1 h -
7 o oy
56 57 54
27% yield 88% yield

O O 1) K2C03, AcSH (o)
/@ > benzoyl peroxide, NBS \/@ ~ THF, 1 h \/@ ~
° B
NO, CCly, 76 °C, 18 h r NO, 2 MeOH, 24h HS NO,
58 59 55
74% yield 21% yield
Scheme 3.2

It was anticipated that these substrates would successfully undergo hydrothiolation as
the combination of benzyl mercaptan with a variety of aryl and aliphatic alkynes was
tolerated under our optimized conditions. When thiol 55 was treated with 54 in the presence
of Wilkinson’s catalyst, it appeared that the optimized conditions for hydrothiolation proved
ineffective, predominately yielding the starting alkyne and thiol (entry 1, Table 3.9). At
higher temperature greater reactivity was observed, yielding a complex mixture of
compounds with what appeared to be the vinyl sulfide 60. At 5 mol% catalyst loading and
ambient temperature the reaction was no more effective than 3 mol% (entry 3). A reasonable
amount of vinyl sulfide was obtained when the reaction flask was charged with an additional
3 mol% of catalyst, following 1 hour of mixing. However, the 'H NMR spectrum is
consistent with the formation of the branched regioisomer and not the desired E-linear vinyl
sulfide. This result was surprising given the steric bulk imparted by the ortho-substituents of
alkyne 54, suggesting that these functionalities may serve some role in directing

regioselectivity.
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Table 3.9 Attempted Synthesis of ON 01910.Na Vinyl Sulfide

~o P >~ s
= OCHj, 0
O e SO, e ezt
- lo NO, , . lO (|3 NO,
54 55 %0

Catalyst . Recovered Isolated Selectivity
Entty | ading (%) Temp. (C) Alkyne (%) Yield (%) (E:Z:B)P
1 3 rt 87 N/A N/A
2 3 80 72 8 complex
mixture
3 5 t 87 N/A N/A
4 6° it 75 15 (60)¢ 100% B

2 Determined after column chromatography. Y Determined by integration of the relevant vinyl signals.
¢ An additional 3 mol% RhCI(PPhs); was added by cannula after 1 hour. 4 Based on recovered starting
material (BRSM). ¢ Impurities present.

In an attempt to verify whether the ortho-substituents of alkyne 54 may influence
regioselectivity, we attempted to use mono-substituted ethynylanisoles in alkyne
hydrothiolation with thiol 55. Of the substrates employed, only 4-ethynylanisole (61)
demonstrated appreciable reactivity, providing a 10:2:1 mixture of the regioisomers
favouring the E-linear vinyl sulfide 62 (Eq. 3.3). The greater selectivity observed for this
particular alkyne suggests that the ortho-substituents in alkyne 54 may indeed reinforce the
formation of the branched regioisomer similar to the aforementioned propargyl amines. The
use of bulkier rhodium phosphine complexes may help prevent coordination of the ortho-

substituents, allowing for the selective synthesis of the E-linear isomer.

O
Z o )
. ~ 3 mol% RhCI(PPh3); S (3.3)
HS DCE, t, 24 h h N2
- NO
0 2 ~o

61 54 62
66% yield
10:2:1 E:Z:B
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3.7 Conclusions

The work detailed in this chapter demonstrates the development of a general method
for alkyne hydrothiolation that incorporates a variety of alkyl and arene thiols. Previous
reports concerning alkyne hydrothiolation have largely explored the substrate scope relative
to alkynes, and neglect to explore the functional group tolerance with respect to thiol. Our
results involving the use of Wilkinson’s catalyst in alkyne hydrothiolation appears to tolerate
a variety of alkyl thiols, despite the literature precedent to the contrary.'*> This process
generates the E-linear regioisomer in high selectivity with good to excellent yields.'*’

Given the presence of E-linear vinyl sulfones in a variety of biologically active
molecules, we sought to test our methodology in the synthesis of two such examples,
including K777 and ON 01910.Na. To this end, we have found that heteroatoms proximal to
the alkyne influence the regioselectivity of alkyne hydrothiolation in favour of the branched
vinyl sulfide. We hypothesized that the use of tert-butoxycarbonyl protecting groups (Boc)
would correspondingly lower the contribution of the propargyl nitrogen in coordinating the
active catalyst in solution. Indeed, the directing group effect can be reversed in circumstances
involving Boc-protected propargyl amines. Additionally, the use of propargyl amines derived
from a-amino acids (51) appear to be more selective for the desired E-linear vinyl sulfide.
This likely reflects a balance between the electronic influence of the propargyl nitrogen, and
the steric influence of the a-substituent. The use of higher catalyst loadings is still necessary
in order to achieve adequate reactivity, demonstrating the need for further catalyst
development. Similarly, our initial approach to ON 01910.Na proved ineffective in
synthesizing the desired E-linear vinyl sulfide, where selectivity for the branched regioisomer
was obtained. Ideally, mechanistic studies of this process will aid in the rational development
of more active catalysts for alkyne hydrothiolation with alkyl and arene thiols.

Given the widespread use of vinyl sulfides and their oxidized derivatives in synthetic
and medicinal chemistry, we elected to further explore the reactivity of these useful synthetic
intermediates. Chapter 4 will involve a discussion of our efforts towards extending alkyne
hydrothiolation in the synthesis of divinyl ketones capable of undergoing the Nazarov

cyclization.
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3.8 Experimental

3.8.1 General Procedures

Manipulation of organometallic compounds was performed using standard Schlenk
techniques under an atmosphere of dry nitrogen or in a nitrogen-filled Vacuum Atmospheres
drybox (O, < 2 ppm). NMR spectra were recorded on Bruker Avance 300 or Bruker Avance

1

400 spectrometers. 'H, °C and '’F NMR spectra are reported in parts per million and were

referenced to residual solvent: CDCL, = 7.26 'H NMR, 77.0 for "C NMR, for CD,Cl, = 5.32
'H NMR, 53.8 for "C NMR, for CD;CN = 1.94 '"H NMR, 118.26 for "C NMR. 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, br =
broad signal, dd = doublet of doublets, dt = doublet of triplets, td = triplet of doublets, AB q
= second order quartet, app. t = apparent triplet. The chemical shift value for second order
quartets (AB q) were reported based upon the solution to the equation (1-3) = (2-4) = [(Av)®
+ J?]"* where ] = coupling constant (Hz) and Av = chemical shift difference (Hz) = unknown
value and (1-3) or (2-4) represents left to right numbering of the individual peaks related to
the multiplet (Hz). The value for Av was then subtracted or added to the middle of the
coupling pattern and converted to ppm based upon the spectrometer frequency. Values for
the integration of peaks in the '"H NMR spectrum of compounds containing a mixture of vinyl
sulfides are referenced to the vinyl resonances of the E-linear regioisomer. All spectra were

obtained at 25 ‘C. Mass spectra were recorded on a Kratos MS-50 mass spectrometer.

3.8.2 Materials and Methods

Hexanes, benzene, diethyl ether, THF and toluene were dried by passage through
solvent purification columns.*’ 1,2-Dichloroethane and CDCI, were distilled over P,O,and
degassed prior to use. Unless specifically mentioned, all organic reagents were obtained from
commercial sources and used without further purification. The in-situ reactions were
conducted with an appropriate amount of 1,3,5-Trimethoxybenzene, which was sublimed
prior to use. Transition metal reagents such as RhCI(PPh;); were purchased from Strem
Chemicals and taken directly into an inert atmosphere glovebox without further purification.

Compounds 16, 19, 25 were prepared by Dr. Shiva Shoai.”*
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3.8.3 General Experimental Procedure for Hydrothiolation

In-Situ Reactions (Monitored by NMR)

In an inert atmosphere glovebox, RhCI(PPh;); (4.5 mg, 0.0048 mmol, 3 mol%) and
1,3,5-Trimethoxybenzene (8.7 mg, 0.052 mmol, 0.33 equiv.) were dissolved and transferred
to a screw cap NMR tube in approximately 500 L. of CDCI;. To this was added thiol (0.17
mmol, 1.1 equiv.) and alkyne (0.15 mmol, 0.15 M) in an additional 500 yL of CDCl,. The
NMR tube was then removed from the glovebox and the progress of the reaction monitored
by 'H NMR. Integration of the vinylic resonances corresponding to the vinyl sulfide product
in comparison to the value obtained for the aryl C-H of 1,3,5-Trimethoxybenzene allowed for
the determination of the in-situ yield. If higher than ambient temperatures were necessary,
the mixture was heated in a mineral oil bath. In some cases, standard solutions of
Wilkinson’s catalyst and 1,3,5-Trimethoxybenzene in CDCIl; were prepared in order to

accurately deliver the aforementioned quantities to an NMR tube.

Preparative Scale Reactions

In an inert atmosphere glovebox, RhCIl(PPh;); (18.4 mg, 0.0198 mmol, 3 mol%) was
added directly to a round bottom flask equipped with a magnetic stir bar. The flask was
sealed with a serum cap and removed from the glovebox, attached to a schlenk line, and held
under a continuous flow of N,. To this was added 3 mL of 1,2-Dichloroethane and the round
bottom wrapped in aluminum foil in order to suppress any radical background reactions.
Following this, thiol (0.724 mmol, 1.1 equiv.) and alkyne (0.655 mmol, 0.2 M) were added
sequentially, which is often accompanied by a change from a red to orange solution. The
mixture was then vigorously stirred for the required time and monitored by thin layer
chromatography (TLC), visualizing with either UV irradiation or use of a p-anisaldehyde
stain. In situations that required elevated temperatures, the round bottom flask would be
submerged within a heated mineral oil bath. Following completion of the stir period, or
completion of the reaction as monitored by TLC, the solution was concentrated and passed
through a silica gel plug with an eluent consisting of hexanes and ethyl acetate. In many
cases involving arene thiols, the filtrate collected following chromatography was washed

with saturated Na,CO; or 0.5 M NaOH, and the aqueous layer extracted three times with 10
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mL of dichloromethane. This typically afforded clean material, if not, column

chromatography was used to further purify the crude compounds.

3.8.4 Analytical Data for Hydrothiolation Products

Ph—
P 3 mol% RhCI(PPha); s\
Ph™ "SH * == DCE, 24 h, 1t \_@
15
67% yield

Vinyl sulfide 15, exclusively the E-linear isomer. 'H NMR (CDCl,, 300 MHz,
0 7.26): 8 7.34 - 7.31 (m, 5SH), 6.24 (d, 1H, J=15.4 Hz), 6.02 (d, 1H, J = 15.4 Hz), 3.92 (s,
2H), 2.11 - 206 (m, 4H), 1.70 - 1.54 (m, 5H). "C{'H} NMR (CDCl,, 75
MHz, 8 77.0) § 137.8, 135.1, 133.3, 128.8, 128.5, 128.1, 127.1, 119.3, 37.7, 25.8, 24.5, 22.5.
HRMS (EI) m/z calcd for C,sH,¢S: 230.1129; found: 230.1129.

o Ph—\
N 3 mol% RhCI(PPhjz); S \
DCE, 24 h, rt ‘\—é
1.1 equiv. 17
20% yield

Vinyl sulfide 17, exclusively the E-linear isomer. 'H NMR (CDCl,, 300 MHz,
0 7.26): 6 7.32 (m, 5H), 5.86 (d, 1H, J = 15.3 Hz), 5.72 (d, 1H, J = 15.3 Hz), 3.86 (s, 2H),
1.00 (s, 9H). Known compound.”®

3 mol% RhCI(PPh Ph—\
Ph" O SH + = mole RNCIEPhs)s ST\
DCE, 16 h, rt
18
89% yield
10:1 E-linear:branched

Vinyl Sulfide 18, 10:1 mixture of E-linear:branched. 'H NMR (CDCl;, 300 MHz,
0 7.26): 8 7.40 - 7.16 (m, 8H), 6.73 (d, 1H, J= 15.5 Hz), 6.54 (d, 1H, J = 15.3 Hz), 5.46 (s,
0.11H, branched), 5.22 (s, 0.11H, branched), 4.02 (s, 2H), 3.90 (s, 0.22H, branched). Known

compound.'”’
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3 mol% RhCI(PPhs);

DCE, 24 h, 65 °C

>—< :>—Br
S

20
89% yield, 4:1 E-linear:branched

Ph/_

Vinyl sulfide 20, 4:1 mixture of E-linear:branched. 'H NMR (CDCl;, 300 MHz,
0 7.26): 0 7.49 - 7.27 (m, 9H), 7.12 (d, 2H, J = 8.2 Hz), 6.72 (d, 1H, J = 15.5 Hz), 6.44 (d,
1H, J=15.5 Hz), 5.45 (s, 0.23H, branched), 5.23 (s, 0.23H, branched), 4.01 (s, 2H), 3.88 (s,
0.46H, branched) "“"C{'H} NMR (CDCl,, 75 MHz, §77.0): §131.7,131.5, 128.8,
128.8 (branched), 128.8 (branched), 128.7, 128.5, 127.4, 127.2, 127.0, 126.3, 125.5, 121.2 (b
ranched), 120.6 (branched), 115.7 (branched), 115.0 (branched), 112.7 (branched), 37.3, 37.1
(branched). HRMS (EI) m/z calcd for C,sH,;;SBr: 303.9921; found: 303.9917.

Ph” >SH + }@*OMe

3 mol% RhCI(PPh3);

DCE, 24 h, 65 °C

Ph—,

S‘\\—<j>fOMe
WOMe

/—S
Ph

21
82% yield, 4:1 E-linear:branched

Vinyl sulfide 21, 4:1 mixture of E-linear:branched. 'H NMR (CDCl;, 300 MHz,

0 7.26): 8 7.64 (d, 0.55H, J = 8.7 Hz, branched), 7.31 - 7.10 (m, 8.6H), 6.83 (d, 0.6H J = 8.7
Hz, branched) 6.79 (d, 2H, J = 8.7 Hz), 6.60 (AB q, 2H, J = 15.5 Hz), 5.44 (s, 0.28H), 5.21
(s, 0.28H, branched), 3.79 (s, 0.54H, branched), 3.74 (s, 2H), 3.37 (s, 3H), 3.35 (s, 0.99H,

branched). Known compound.'*
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0 . — 3 mol% RhCI(PPhg), .
E/)_\SH = DCE, 24 h, 65 °C

22
96% yield, 8:1 E-linear:branched

Vinyl sulfide 22, 8:1 mixture of E-linear:branched. 'H NMR (CDCl;, 300 MHz,
0 7.26): 8 7.64 (d, 0.55H, J = 8.7 Hz, branched), 7.39 - 7.17 (m, 7H), 6.75 (d, 1H, J=15.5
Hz), 6.58 (d, 1H, J = 15.5 Hz), 6.34 - 6.32 (m, 1H), 6.27 — 6.26 (m, 1H), 5.50 (s, 0.13H,
branched), 5.32 (s, 0.13H, branched), 4.00 (s, 2H), 3.89 (s, 0.26H, branched). Known

compound.*

O

"Bqu<_\S \

o . — <:> 3 mol% RhCI(PPh3), .
"BUOJJ\/\SH DCE, 24 h, rt
O}_/*S :
mBuO
23

72% yield, 8:1 E-linear:branched

Vinyl sulfide 23, 8:1 mixture of E-linear:branched. 'H NMR (CDCl;, 300 MHz,
0 7.26): § 7.55 - 7.53 (m, 0.35m), 7.37 - 7.17 (m, 6H), 6.69 (d, 1H, J = 15.5 Hz), 6.53 (d,
1H, J=15.5 Hz), 5.51 (s, 0.14H, branched), 5.27 (d, 0.14H, branched), 4.11 (t, 2.4H, J= 6.4
Hz), 3.07 (t, 2H, J = 7.3 Hz), 2.93 (t, 0.35H, J = 7.3 Hz, branched), 2.71 (t, 2H, J = 7.3 Hz),
2.62 (t, 0.40H, J = 7.3 Hz, branched), 1.66 — 1.57 (m, 2.6H), 1.44 — 1.31 (m, 2.4H), 0.93 (¢,
4H,J = 7.3 Hz). Known compound.*
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. 3 mol% RhCI(PPhs); _ S
nshSH + =—Tms SCE 241 - TMS A ghho S s
10 equiv. 24

67% yield

Vinyl sulfide 24, exclusively the E-linear isomer. 'H NMR (CDCl,, 300 MHz,
0 7.26): 8 6.52 (d,2H,J = 18.1 Hz), 5.70 (d, 2H, J = 18.1 Hz), 2.73 (t, 4H, J = 7.3 Hz), 1.65
(m, 4H), 1.44 (m, 4H), 0.07 (s, 18H). "C{'H} NMR (CDCl,, 75 MHz, § 77.0): 8 138.7,
124.6, 31.0, 28.9, 28.5, —=1.1. HRMS (APCI) m/z calcd for C,H;5S,Si,: 347.1719 (M+H)";
found: 347.1717.

3 mol% RhCI(PPhs)s O\s
* Ph—==—Ph CDCl,, 144 h, 65 °C
SH 3 ’ Ph/g

Ph

27
54% in-situ yield

Vinyl sulfide 27, yield determined in-situ with 1,3,5-Trimethoxybenzene as internal

standard. Known compound.'*

3 mol% RhCI(PPh3)3 PhS Ph
PhSH + =— > +
Ph DCE, 1 h, rt _\\—Ph E/Ph
28
93% yield
20:1 E-linear:branched

Vinyl sulfide 28, 20:1 mixture of E-linear:branched. 'H NMR (CD,CN, 400 MHz,
01.94): 6 7.45 -7.22 (m, 11H), 7.04 (d, 1H,J = 15.5 Hz), 6.76 (d, 1H, J=15.3 Hz), 5.75 (s,
0.05H, branched), 5.44 (s, 0.05H, branched). Known compound.'*

DCE, 1 h, rt

.G ::: SH — 3 mol% RhCI(PPh3)3 F3C@S
3 + = \—
Ph

29
79% yield

Vinyl sulfide 29, exclusively the E-linear isomer. 'H NMR (CD,CN, 400 MHz,
01.94): 67.64 (d, 2H, J = 8.3 Hz), 7.60 (d, 2H, J = 8.2 Hz), 7.50 - 7.48 (m, 2H), 7.39
—7.29 (m, 3H) 7.09 (d, 1H, J=15.7 Hz), 6.96 (d, 1H, J = 15.4 Hz). "C{'H} NMR (CD,CN,
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75 MHz, 8 118.26): & 142.6, 137.1, 136.0, 129.8, 129.4, 129.2, 128.9, 127.4, 1269 (q,J = 3.8
Hz), 1210, 118.3. "F{'"H} NMR (CD,CN, 300 MHz): & 13.7. HRMS (EI) m/z calcd for
C,sH,,SF,: 280.0534; found: 280.0530.

o 3 mol% RhCI(PPhs)s OZNOS + OZN@S Ph

DCE, 1 h, rt
Ph

30
72% yield
10:1 E:Z-linear

Vinyl sulfide 30, 10:1 mixture of E and Z-linear. '"H NMR (CD,CN, 400 MHz,
51.94): 58.19 — 8.14 (m, 4H), 7.72 (d, 1H, J = 8.8 Hz), 7.60 (d, 1H, J = 8.8 Hz), 7.54
~7.51 (m, 5H) 7.43 - 7.31 (m, 4H), 7.08 (AB q, 2H, J = 15.4 Hz), 6.92 (d, 0.2H, J = 10.7
Hz, Z-linear), 6.69 (d, 0.2H, J = 10.7 Hz, Z-linear). Known compound.**’

B ::: SH Ph 3 mol% RhCI(PPh3)3 Br@S
r + = \—

DCE, 1 h, rt
Ph

31
90% yield

Vinyl sulfide 31, exclusively the E-linear isomer. 'H NMR (CD,CN, 400 MHz,
01.94): 6 7.52 (d, 2H, J= 8.5 Hz), 7.44 - 7.42 (m, 2H), 7.36 — 7.33 (m, 4H), 7.29 - 7.25 (m,
1H), 7.01 (d, 1H, J= 15.2 Hz), m, 3H) 6.81 (d, 1H, J= 15.5 Hz). Known compound.'"’

o 3 mol% RhCI(PPhg)s q@s m@s Ph
cl SH + =—Ph = \—/

DCE, 1h,rt
Ph

32
75% yield
10:1 E:Z-linear

Vinyl sulfide 32, 10:1 mixture of E and Z-linear. '"H NMR (CD,CN, 400 MHz,
51.94): 87.50 — 7.25 (m, 12H), 7.01 (d, 1H, J = 15.5 Hz), 6.79 (d, 1H, J = 15.5 Hz), 6.70 (d,
0.09H, J = 10.7 Hz, Z-linear), 6.55 (d, 0.09H, J = 10.7 Hz, Z-linear). Known compound.'"’
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SH = 3 mol% RhCI(PPhg)s S ph
+ —P

33
50% yield

Vinyl sulfide 33, exclusively the E-linear isomer, potentially contaminated with a
disulfide or sulfoxide impurity. 'H NMR (CD,CN, 400 MHz, & 1.94): § 8.06 (br d, 0.4H),
7.99 (br d, 0.2H), 7.93 (br d, 1H), 7.89 - 7.84 (m, 4H), 7.81 -7.78 (m, 0.5H), 7.67
-7.65(dd, 05H, J = 8.7, 20 Hz), 759 -7.55 (m, 0.6H), 7.54 —7.48 (m, 4H), 747
- 7.44 (m, 2H), 7.37 (app t,2H,J =75 Hz), 727 (td, 1H,J=7.3,12 Hz), 7.17 (d, 1H, J =
155 Hz), 6.84 (d, 1H, J = 15.5 Hz), 6.73 (s, 0.3H). Known compound.**’

e SH + — 3 mol% RhCI(PPhj), HgoOs
L )— — N

DCE, 1 h, rt
Ph

34
98% yield

Vinyl sulfide 34, exclusively the E-linear isomer. 'H NMR (CD,CN, 400 MHz,
01.94): 6 7.41 - 7.20 (m, 10H), 7.01 (d, 1H,J=15.6 Hz), 6.67 (d, 1H, J=15.6 Hz), 2.34 (s,

3H). Known compound.'*’

HCO@SH . — pn 3 mol% RhCI(PPh3); H3COOS
3 =P > \—

DCE,1h, rt
Ph

35
95% yield

Vinyl sulfide 35, exclusively the E-linear isomer. 'H NMR (CD,CN, 400 MHz,
01.94): 742 (d, 2H, J = 8.9 Hz), 7.36 - 7.28 (m, 4H), 7.24 — 7.19 (m, 1H), overlapping
signals 6.97 (d,2H,J= 8.9 Hz) and 6.96 (d, 1H,J=15.5 Hz),6.52 (d, 1H,J=15.5 Hz), 3.80

(s, 3H). Known compound.'*’

oS SH + — pn 3 mol% RhCI(PPhj)s mcs@s . H3CSOS
3 ‘< >* =P \— >:

DCE, 1 h, rt
Ph Ph

36
94% vyield
33:1 E-linear:branched
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Vinyl sulfide 36, 33:1 mixture of E-linear and branched. 'H NMR (CD,CN, 400
MHz, § 1.94):  7.41 - 7.22 (m, 10H), 7.00 (d, 1H, J = 15.5 Hz), 6.70 (d, 1H, J = 15.5 Hz),
5.69 (s, 0.03H, branched), 5.35 (s, 0.03H, branched), 2.48 (s, 3H). "C{'H} NMR (CD,CN,
100 MHz, 8§ 118.26): & 139.1, 137.5, 131.8, 131.6, 131.5, 129.7, 128.5, 127.9, 126 .9, 124.5,
15.6. HRMS (EI) m/z calcd for C,sH,,S,: 258.0537; found: 258.0534.

DCE, 24 h, rt

o S+ — 3 mol% RhCI(PPha)s HO@S . HOOS
- ) = p \__ \
Ph PH

37
95% yield
14:1 E-linear:branched

Vinyl sulfide 37, 14:1 mixture of E-linear and branched. 'H NMR (CD,CN, 400
MHz, 6 1.94): 8 7.35 - 7.27 (m, 6H), 7.23 - 7.18 (m, 2H), 6.95 (d, 1H, J = 15.5 Hz), 6.86 (d,
2H, J = 8.6 Hz), 647 (d, 1H, J = 15.5 Hz), 5.51 (s, 0.07H, branched), 5.00 (s, 0.07H,
branched). "C{'"H} NMR (CD,CN, 100 MHz, 6 118.26): 8 158.1, 137.7, 134.5,129.6, 129.1,
128.1, 1269, 126.7, 123.8, 117.3. HRMS (EI) m/z calcd for C,,H,,0S: 228.0609; found:
228.0610.

HoN ::: SH + = pn 3 mol% RhCI(PPhs); HZNOS . HZNOS
2 = \— >

DCE, 24 h, 80 °C
Ph Ph

38
91% yield
3:1 E-linear:branched

Vinyl sulfide 38, 3:1 mixture of E-linear and branched. '"H NMR (CD;CN, 400 MHz,
0 1.94): 8 7.59 - 7.56 (m, 0.9H, branched), 7.35 - 7.16 (m, 10H), 6.92 (d, 1H, J = 15.5 Hz),
6.68 (d, 2H, J = 8.7 Hz), 6.63 (d, 0.78H, J = 8.7 Hz, branched), 6.36 (d, 1H, J = 15.5 Hz),
5.43 (s, 0.38H, branched), 4.88 (s, 0.37H, branched), 4.38 (br s, 3H, NH;). "C{'H} NMR
(CDsCN, 100 MHz, & 118.26): § 150.9, 1499, 149.6, 148.5, 143.2, 140.0, 137.9, 136.7,
135.1, 129.6, 1295, 1293, 128.2, 1279, 127.6, 126.5, 119.1, 116.1, 116.0, 111.4. HRMS
(ESI) m/z calcd for C,,H,NS: 228.0847 (M+H)"; found: 228.0845.
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Boc,0, DMAP Boc. Boc.
HNT 2 > OONTN NN

CHsCN, 16 h H N

Boc
43 44
26% yield 24% yield

Propargyl amine substrates 43 and 44 were prepared according to a literature
procedure.”*® To a solution of propargyl amine (1.2 mL, 18.7 mmol) in 10 mL of CH3CN was
added Boc,O (10.8 mL, 47 mmol, 2.5 equiv.). The Boc,O was added by syringe, after
allowing the bottle to reach roughly 40 °C in a hot water bath. To this solution was added
DMAP (2.2295 g, 18.7 mmol) in one portion, and the mixture was stirred overnight. The
mixture was diluted with ethyl acetate (30 mL) and the organic layer separated. The organic
layer was then washed with water (10 mL) and brine (10 mL), dried over Na,SOj, then
filtered and concentrated in-vacuo. The crude mixture was then purified by column
chromatography with 9:1 hexanes:ethyl acetate as eluent, which was gradually increased to
1:1 hexanes:ethyl acetate. Visualization of the propargyl amines during elution was
facilitated by a KMnO, stain. This provided 43 in 26% yield and 44 in 24% yield,
respectively. Propargyl amine 43: '"H NMR (CD,CN, 400 MHz, 8 1.94): §5.56 (br s, 1H,
NH), 3.80 - 3.78 (dd, 2H, J = 24, 59 Hz), 242 (t, 1H, 2.4 Hz), 1.41 (s, 9H). Propargyl
amine 44: '"H NMR (CD;CN, 400 MHz, 6 1.94): 6 4.29 (d, 2H, J = 2.4 Hz), 2.45 (t, 1H, J
=24 Hz), 1.49 (s, 19H). Known compounds.**

.B 9 B .B
PhSH  + ///\,I\l 0C 3 mol% RhCI(PPh3); Phs/\/\ll\l oc N \/\’I\l oc
Boc DCE, 24 h, 80 °C Boc SPh Boc
44 45
95% yield
1.6:1 E-linear:branched

Vinyl sulfide 45, 1:6:1 mixture of E-linear and branched. 'H NMR (CD,CN, 400
MHz, 6 1.94): § 7.55 - 7.52 (m, 0.5H), 7.44 — 7.25 (m, 9H), 6.40 — 6.37 (dt, 1H, J=1.2, 15.1
Hz), 5.87 - 5.83 (dt, 1H, 6.2, 15.0 Hz), 5.32 (t, 0.6H, J = 1.4 Hz, branched), 5.15 (t, 0.6H, J =
1.4 Hz, branched), 4.26 (t, 1H, J = 1.4 Hz, branched), 4.20 - 4.18 (dd, 2H, 1.2, 6.2 Hz), 1.46
(s, 19H), 1.45 (s, 12H branched). "C{'H} NMR (CD,CN, 100 MHz, & 118.26): 8 153.1,
153.0, 1419, 1359, 1329, 1304, 130.3, 130.2, 130.1, 128.8, 128.5, 127.9, 126.3, 118.3,
116.0, 83.3, 83.2, 50.9, 484, 28.2, 28.1. HRMS (ESI) m/z caled for C,,H,,NO,NaS:
388.1559 (M+Na)*; found: 388.1555.
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-~ 5 mol% RhCI(PPhs), \AN/
PN + //\N
Ph™ “SH Z DCE, 36 h, rt Ph |

42 50
47% yield

Vinyl sulfide 50, exclusively the branched isomer. Chromatographic purification of
50 necessitated the use of 3:1 hexanes:ethyl acetate, which was spiked with small amounts of
ammonium hydroxide or methanol to facilitate elution. 'H NMR (CD;CN, 400 MHz, § 1.94):
8 7.40 - 7.23 (m, 5H), 5.20 (t, 1H, J = 1.2 Hz), 4.88 (br s, 1H), 3.97 (s, 2H), 3.01 (s, 2H),
2.15 (s, 6H). "C{'H} NMR (CD,CN, 75 MHz, § 118.26): § 145.5,138.5,129.7,129.4, 128.0,
118.3, 108.6, 66.5, 45.1, 36.0. HRMS (ESI) m/z calcd for C,H(NS: 208.1160 (M+H)";
found: 208.1159.

\O |O \OBr Br
CBF4, PPhs |
DCM,0°Ctort,2h
(0] (0] o) e}
| | [ [
57
27% yield

Dibromoolefin 57 was prepared according to a literature procedure.”” To a flame
dried round bottom equipped with a magnetic stir bar and serum cap was added 2.4,6-
trimethoxybenzaldehyde (5.0214 g, 25.6 mmol, 0.43 M) and 60 mL of DCM. To this was
added PPh; (13.4897 g, 51.4 mmol, 2 equiv.), which was recrystallized in toluene prior to
use. The solution was then cooled to 0 °C and CBry (10.0443 g, 30.3 mmol, 1.2 equiv.) was
added in 10 mL of DCM. The clear solution immediately turned an orange-red and was left
to stir for 2 hours. The crude mixture was then concentrated in-vacuo, dissolved in DCM, and
fused to dry SiO,. The crude dibromoolefin was then purified by column chromatography
with 9:1 hexanes:ethyl acetate as eluent, which was gradually increased to 3:1 hexanes:ethyl
acetate, providing 57 in 27% yield. 'H NMR (CD;CN, 400 MHz, 8 1.94): 8 7.19 (s, 1H), 6.20
(s, 2H), 3.81 (s, 3H), 3.79 (s, 6H). Known compound.**’
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\OBr | Br ~o0 P
BuLi =
THF, -78°Ctort, 1 h
o} o} 0o <|J

54
88% yield

Alkyne 54 was prepared according to a literature procedure.”” To a flamed dried
round bottom equipped with a magnetic stir bar and a serum cap was added 57 (1.941 g, 5.5
mmol) in 34 mL of THF. The solution was cooled to —78 °C and n-buLi was added (4.9 mL,
2.39 M in hexanes, 11.6 mmol, 2.1 equiv.). The solution of n-buLi was titrated against N-

*! The solution was stirred for 5 minutes at —78 °C, before

benzylbenzamide prior to use.
being warmed to room temperature and the reaction progress monitored by TLC. The
reaction was complete following 1 hour and was then quenched with water. The aqueous
layer was extracted with ethyl acetate (3 x 10 mL). The combined organic layers were then
washed with brine (1 x 10 mL), and dried over Na,SOs, filtered and concentrated in-vacuo.
The crude mixture was then purified by column chromatography with 9:1 hexanes:ethyl
acetate as eluent, which was gradually increased to 2:1 hexanes:ethyl acetate, providing

alkyne 54 in 88% yield. 'H NMR (CD;CN, 400 MHz, 6 1.94): § 6.19 (s, 2H), 3.82 (s, 9H),
3.52 (s, 1H). Known compound.””

O O
/@: ~ benzoyl peroxide, NBS \/@: ~
. B
NO, CCl, 76 °C, 18 h r NO,
58

59
74% yield
1) K,CO3, AcSH
o 2C03, o
\/@[ ~ THF, 1 h \/@: ~
B 2) MeOH, 24 h H
r NO, ) MeOH, S NO,
59 55
21% yield

Thiol 55 was prepared from bromide 59 according to a literature procedure.”>*** To a
flame dried round bottom equipped with a magnetic stir bar and a serum cap was added 58
(5.5 mL, 40 mmol) in 150 mL of CCls. To this was added benzoyl peroxide (1.2935 g, 4
mmol, 75% reagent purity), followed by N-bromosuccinimide (8.5124 g, 47.8 mmol, 1.2

equiv.), and the mixture heated to reflux overnight. The following day the mixture was
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cooled and diluted with water. The aqueous layer was then extracted with DCM (3 x 30 mL),
and the combined organic layers washed with water (1 x 30 mL), brine (1 x 30 mL). The
combined organic layers were then dried over Na,SO,, filtered and concentrated in-vacuo.
Crude 59 was fused to SiO; and purified by column chromatography with 9:1 hexanes:ethyl
acetate, which was gradually increased to 3:1 hexanes:ethyl acetate. The purified sample of
59 was then dissolved in anhydrous THF and K,CO; (1.5221 g, 11 mmol, 2.2 equiv.) was
added. To this was added thioacetic acid (0.43 mL, 6.1 mmol, 1.2 equiv.) and the mixture
stirred at room temperature for 1 hour. The flask was then charged with MeOH (15 mL) and
the solution stirred overnight. The solution was then neutralized with HCI, and the aqueous
layer was extracted with CHCl; (2 x 10 mL). The combined organic layers were then washed
with water (1 x 10 mL) and brine (1 x 10 mL). The organic layers were than dried over
Na,S0s, filtered and concentrated in-vacuo. The crude thiol was then purified by column
chromatography with 9:1 hexanes:ethyl acetate as eluent, which was gradually increased to
1:1 hexanes:ethyl acetate, providing 55 in 21% yield. 'H NMR (CD;CN, 400 MHz, § 1.94):
8778 (d, 1H, J = 2.1 Hz), 7.57 - 7.55(dd, 1H, J = 2.1, 8.6 Hz), 7.17 (d, 1H, J = 8.6 Hz),
3.91 (s, 3H), 3.73 (d, 2H, J = 8.1 Hz), 2.16 (t, 1H, J = 8.1 Hz). Known compound.””

o P S0 s
Z OCH3
/ij( . Hsﬁ 6 mol% RhCI(PPhs); OCH;
DCE, rt,24 h NO
ST e TF 2
43 55 60
15% isolated yield
60% brsm

Vinyl sulfide 60, mixture of branched isomer and an impurity similar to thiol 55. 'H
NMR (CD,CN, 400 MHz, 6 1.94): 6 7.76 (d, 1H, J = 2.3 Hz), 7.56 — 7.54 (dd, 1H, J = 2.3,
8.7Hz), 7.27 - 7.25 (dd, 1H, J= 2.1, 8.6 Hz), 7.22 (d, 1H, 2.2 Hz), 7.17 (d, 1H, J = 8.7 Hz),
7.01 (d, 1H, 8.6 Hz), 6.05 (s, 2H), 5.91 (s, 1H, branched), 5.44 (s, 1H, branched), 3.91 (s,
6H), 3.87 (s, 3H), 3.76 (s, 3H), 3.56 (s, 6H), 3.55 (s, 2H).
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= OCHj,4
* Hsﬁ
\O N02

61 55

Jos
NO,

6 mol% RhCI(PPhs)s xS
DCE, rt, 24 h /©/\/
7
62

66% yield
10:2:1 E:Z:B

Vinyl sulfide 62, mixture of all regioisomers. Representative signals: 'H NMR
(CD,CN, 400 MHz, 6 1.94): 6 6.65 (d, 1H, J = 15.6 Hz), 6.48 (d, 1H, J = 15.6 Hz), 6.41 (d,
0.17H, J = 10.8 Hz, Z-linear), 6.19 (d, 0.17H, J = 10.8 Hz, Z-linear), 5.42 (s, 0.12H,

branched), 5.14 (s, 0.12H, branched).
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Chapter 4 Applications of Alkyne Hydrothiolation

The success of our alkyne hydrothiolation methodology for the synthesis of aryl and
alkyl vinyl sulfides led us to further explore the utility of these intermediates. As vinyl
sulfides are equivalent to thioenol ethers, these compounds are capable of reacting with a
variety of electrophiles under appropriate conditions. This was exploited in Overman’s
synthesis of (+)-laurencin, where the branched vinyl sulfide reacted with the oxonium ion
formed upon Lewis acid activation of the acetal (Eq. 4.1). The product of this Prins-type
cyclization was then elaborated into (+)-laurencin in several steps upon removal of the

phenyl sulfide moeity with Raney nickel.**

(+)-laurencin

0 7\)< PhS._/ OAc

3 equiv. BF;0Et, (0] 1)
0.05 M, t-BuOMe '
PhSJI/(?)\/OMe 7810 -40°C, 7 h /o)

o)
57% yield

Similarly, vinyl sulfides can be directly converted into the respective aldehyde or
ketone upon treatment with aqueous acid. This is due to the susceptibility of the thionium ion
to hydrolysis, following the protonation of the alkene (Scheme 4.1). This transformation is
functionally equivalent to the Pummerer rearrangement discussed in Section 1.3.1; however,
oxidation to the corresponding sulfoxide is unnecessary in obtaining the thionium species.
We became interested in inducing the formation of this species in the presence of Lewis or
Brgnsted acids, in order to initate cascade carbon-carbon bond forming events. Indeed,
examples of Brgnsted acid activation of vinylogous carbonates are known, and are often
accompanied by subsequent Prins-like reactivity of the resulting oxonium ion.*** The use of
vinylogous thioesters in related processes is relatively unknown, inspiring us to pursue the
use of these functionalities in other processes. To this end, we elected to evaluate the

reactivity of vinylogous thioesters within the context of the Nazarov cyclization. The
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following sections discuss mechanistic details regarding the electrocyclic nature of the
Nazarov reaction, relevant substituent effects, and the use of this process in initiating cascade

bond forming events.

/\/SR P - ¢ .
R RJ\%SR AN
~ R H.O 0 traditional
__ Ohc R s - Pummerer
® R H rearrangement
BnO
1) 10 equiv. TFA, CH,Cl,, 0 °C MeO.C

2) K,CO3, EtOH

HO

vinylogous
carbonate (blue)

E* = electrophile
TFA = trifluoroacetic acid

Scheme 4.1

4.1 Divinyl Ketones and the Nazarov Cyclization

The Nazarov cyclization involves the treatment of dienones with Lewis or Brgnsted
acid activators, which effectively generate reactive pentadienyl cations. Consequently, these
intermediates undergo a conrotatory 4m-electrocyclization to give an oxyallyl cation, which
eventually converts into the corresponding cyclopentenone. This process typically occurs by
deprotonation proximal to the carbocation, thereby generating the alkene, followed by
protonation or tautomerization of the enol or enolate. The electrocyclic nature of this reaction
allows for high atom economy and diastereoselectivity, based upon the conservation of
orbital symmetry (Scheme 4.2). The full potential of this transformation has only recently
been uncovered, and is largely attributable to a greater understanding of substituent effects on
the reactivity of the requisite divinyl ketones.***** Additionally, the ability of the oxyallyl
cation to participate in cascade bond forming processes has enabled the use of this

cyclization in complex molecules synthesis.”*>"

This synthetic strategy involves the
nucleophilic or electrophilic interception of the oxyallyl cation, often leading to a

considerable gain in molecular complexity. The following sections highlight substitution-
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reactivity patterns, and the discovery of this so-called “interrupted” Nazarov cyclization.

(0] LA\OO LA‘O
sz|)1\|[R4 Lewis or Brgnsted acid R, R — R2 X R
R' R3 R R3 R! R3
dienone or pentadienyl
divinyl ketone cation
LA
RZQ ®,0-LA 0
~ 4 conrotatory R*
R! R P— - 2 B
4z-electrocyclization R
) 3
R3 R‘1 R
oxyallyl
cation
LA
’ ) o}
O R4 R4 R4
R2 R? * R?
) 3 R3 N R3
R~1 R R’I R1

4.1.1

isomeric cyclopentenone

Scheme 4.2

Substituent Effects on the Reactivity of Dienones

A cursory inspection of the intermediates involved in the Nazarov cyclization reveals

a number of potential caveats in applying this transformation in complex molecule synthesis.

Of particular significance is the lack of control available for the regioselective formation of

the cyclopentenone products from unsymmetrical dienones (Eq. 4.2). Differentiation of

cyclopentenone A from B derives from the collapse of the intermediate oxyallyl cation. The

electrophilic nature of this intermediate can be biased towards a particular side of the

cyclopentyl nucleus by careful selection of carbocation stabilizing functional groups.

o}

sz)K[ R3
|

R? R4

oxyallyl
cation

0 0
R2 R2
- RS + R3 (4_2)
R1 R

R* R4
A B

isomeric
cyclopentenones

One of the first examples of regioselective elimination involved substitution of R' or

R* with a trialkylsilane, providing hyperconjugative stabilization of the oxyallyl cation

intermediate through the B-silyl effect.”>** The Nazarov cyclization of dienone 63 illustrates
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this concept, where exclusive formation of cyclopentenone 64 occurs based upon the

directing influence of the trimethylsilyl group (Scheme 4.3).

O H O (0]
1.05 equiv. FeCl,y .
| CH,Cl,, 20 °C
SiMes H SiMe;
63 64 65
78% yield
OLA OLA
©)
)®
H SiMe, H SiMe,
Scheme 4.3

A separate strategy for biasing the collapse of the oxyallyl cation rests upon the
incorporation of electron donating substituents at R* and R’.** Denmark studied this in
conjunction with the trialkylsilane directed Nazarov cyclizations, which involved treating
divinyl ketone 66 with a variety of Lewis acids (Scheme 4.4). This substrate appeared to
readily undergo reaction with Lewis acids; however, no cyclopentenone products were
observed. In an unrelated study, divinyl ketone 67 appeared to undergo the Nazarov
cyclization, affording cyclopentenone of type B.> This product is the result of the hydrolysis
of the enol ether (A), giving the a-diketone, which is drawn as the enol tautomer. Similarly,
Tius synthesized a-alkoxy allene substituted divinyl ketones (68), which undergo the
Nazarov cyclization under mild conditions. Tius later reported the use of divinyl ketones (69)
in palladium-catalyzed Nazarov cyclizations, where adventitious acid induces formation of
cyclopentenones of type B. The use of Brgnsted acids for initiating this cyclization simply

provided the acyclic diketones and not the desired cyclopentenones.”**’
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RO R4 Lewis or Brgnsted acid RO °
R4 + R4

1 3
R R R
66 67 68 69
Denmark (1988) Kocienski (1994) Tius (1994, 2003)
o 0 o o
0 R4 o
0 | X | | | | OMe
A R3 R3
70 71 72
gf:nh(;iat(‘z’;o";)' Trauner (2003) Frontier (2003)
Scheme 4.4

Likewise, several authors reported the use of similar divinyl ketones (70-72) in
Brgnsted and Lewis acid initiated Nazarov cyclizations. Treatment of 70 with Brgnsted acids
generates the corresponding divinyl ketone, or in select cases, leads directly to the
cyclopentenone (A).**> ** ** Divinyl ketones 71 and 72 cyclize with catalytic amounts of
Lewis acid, demonstrating the enhanced reactivity of these substrates relative to compounds
lacking heteroatom substitution at R*. The mild nature of these procedures allow for the
isolation of cyclopentenones of type (A), where hydrolysis of the enol ether is not observed.
Lastly, compound 72 possesses several noteworthy features in allowing for regioselective
formation of cyclopentenone (A). Substitution of R’ with the methyl ester allows for
bidentate chelation of transition metal Lewis acids, effectively locking the substrate in the
reactive conformation shown. Additionally, the dihydropyran oxygen serves to enhance the
nucleophilicity of the left-hand portion, where the methyl ester at R’ increases the
electrophilicity of the right-hand portion. This is believed to “polarize” the divinyl ketone,
allowing for facile Nazarov cyclization.****

Conversely, the substitution of R' or R* with an electron donating group (EDG)

typically reduces the overall rate of reaction, relative to the rate enhancement observed for R*

99



and R’. A noteworthy exception is the successful cyclization of divinyl ketone 73, where the
analogous substrate (66) did not afford any observable cyclopentenone products. The
observed reduction in rate for compounds like 73 and 74 is rationalized by the stabilization of
the pentadienyl cation by the electron rich vinylogous ester (Scheme 4.5). This form also
explains how the rearrangement product (C) forms during cyclization, where addition to the
oxonium ion generates the oxyallyl cation. This intermediate can then undergo unimolecular
elimination (by conjugate base, ElcB) followed by nucleophilic interception of the
carbocation giving cyclopentenone (C).** The tertiary a-hydroxyketones afforded through
such a rearrangement are synthetically useful molecules present in a variety of
agrochemicals.”®' The use of divinyl ketones (74) are also capable of undergoing cyclization
with catalytic Lewis or Brgnsted acids. However, no cyclization is observed if these

substrates lack substitution at R>.

O R2 o R2 Q R2 2
R2 R4 Lewis or Brgnsted acid OR
N " oL
RO RO
R3 R3 R3
A B c

LA OLA LA
(OLA o
R2 - R — > RAAR > R 2 R! P ~OR
RA —>
|) | R%/ ‘/l R3 RO @ R
RO R3 < R3

pentadienyl cation R3

(resonance form)

R2 R4
o, Y
o) ™S RO R RS
73 74
Denmark (1998) Shindo (2007)
Scheme 4.5

Lastly, substituents in positions R* and R® may positively influence the conformation
of the divinyl ketone, which may lead to an increase in the rate of cyclization. Typically, the
U-shaped conformation is preferred if the olefin geometries are consistent with that depicted
in Figure 4.1. If R' or R* faces towards the center of the divinyl ketone, the less reactive S or
W-form may predominate, in order to minimize steric repulsion of these groups. However,

the ground state conformation of the divinyl ketone does not exclusively determine whether
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cyclization occurs. Upon coordination of a Lewis acid, all forms may fluctuate, thus slowly
populating the reactive U-shaped conformation. Nonetheless, substituents that reinforce the
adoption of the U-shaped divinyl ketone allow for more facile Nazarov cyclization, and often

require less forcing conditions.

o O o
R! | R4 R? It R4 R2)( R3
U-shaped S-shaped W-shaped
most reactive unreactive unreactive

Figure 4.1 Possible Conformations for Substituted Divinyl Ketones

4.1.2 Cascade Processes Involving the Nazarov Cyclization

The ability to intercept the oxyallyl cation with alkene nucleophiles was originally
discovered by Frederick West. The example in Scheme 4.6 demonstrates that treatment of the
illustrated dienone with an excess of boron trifluoride diethyl etherate (BF;OEt,) initiated a
cationic cascade. This involves attack of the pendant olefin on the tertiary carbocation,
forming intermediate (B), which then undergoes a subsequent enolate O-alkylation
generating the cyclic enol ether (C). It was reported that the hemiketal formed is a
consequence of the acid hydrolysis of (C), which occurs during the reaction workup. Overall,
this reaction forms two carbon-carbon bonds, two oxygen-carbon bonds, and 5 stereogenic
with excellent diastereoselectivity.”*’ The similarity of this transformation to the cationic
polycyclizations described by Johnson and coworkers®” prompted a further study of
nucleophiles capable of intercepting the oxyallyl cation. To this end, the West group reported
the use of various arenes in terminating cascade processes initiated by the Nazarov
cyclization (Scheme 4.6). This particular reaction required the use of a small excess of
titanium tetrachloride, where BF,OEt, failed to provide the tetracyclic product shown
below.**® The dramatic increase in molecular complexity afforded by the Nazarov cyclization
of acyclic dienones demonstrates the synthetic potential of this reaction in the synthesis of

natural products.
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(0]
4 equiv. BF;0Et, HOW 7 :
B CH,Cly, ~78 "C to rt @’:>
=

OBF; F3BO/\,:% N

A B Cc
1.1 equiv. TiCly
CHJCl,, -78 °C

99% yield

Scheme 4.6

Since the initial reports of the interrupted Nazarov cyclization, several cascade
processes have been developed that rely on the generation of an oxyallyl cation.””*” The
previous examples illustrate the nucleophilic capture of this reactive intermediate; however,
it is possible to intercept the enol or enolate portion as well. This may function as part of a
cycloaddition process, or through reaction with carbonyl electrophiles. As illustrated in
Scheme 4.7, vinyl sulfides may serve as electron rich dipolarophiles in [3+2]-cycloadditions
with the intermediate oxyallyl cations generated during the Nazarov Cyclization.
Furthermore, the second example illustrates the mild nature of catalytic Nazarov cyclizations,
where coordination of the electron deficient iridium species (75) generates the pentadienyl
cation. This coordination is largely facilitated by the neighbouring ester and helps lock the
compound in the conformation most conducive to cyclization. For clarity the [3,5-
bis(trifluoromethyl)phenyl] borate (BARF) counterions are omitted. The use of N-
ethylpiperidine serves to generate the requisite enolate necessary for Michael addition to the

o, B-unsaturated nitro compound.
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. SPh BF;OEt, Ph SPh . Ph
| ] ||/ CH,Cl,, -78 °C
SPh

Ph Ph Nazarov Cyclization,

[3+2] cycloaddition sequence Ph Ph
exo endo
o 70% yield 9% yield
Me Ph2
oc.! P
4 mol% - (75) 0
O O | P o
o Ph, | COOMe
OMe NO
| __NO2 H NO
+ = Ph 72
PH DCE, EPP (10 mol%), 40 °'C
Nazarov Cyclization,
Meo . el
Michael addition sequence OMe
O 92% vyield
EPP = N-ethylpiperidine N 14:1 diastereomeric ratio (dr)

)

Scheme 4.7

While not exhaustive, the examples above demonstrate the synthetic potential of
Nazarov cyclizations in rapidly generating molecular complexity. For this reason, the
Nazarov cyclization has undergone resurgence in the literature, particularly in the synthesis

of complex natural products,**2>"236,201,293-306

4.2 Vinyl Sulfide Containing Divinyl Ketones

The ability of vinylogous esters to engage in the Nazarov cyclization prompted us to
evaluate whether this is possible for the analogous thioesters (Eq. 4.3). The products formed
will likely reflect that of the oxygen derivatives, where preference for cyclopentenones (A)
and (B) will depend on substitution at positions R*>-R*. The formation of cyclopentenone (C)
is representative of a cyclization-ElcB sequence, where the sulfur species eliminated may

intercept the oxyallyl cation.

Q ? R2 ] R? ? R2
R4 R2 Lewis or Brgnsted acid RS
) R4 + R4 + (4.3)
s SR SR

R SR R3 R3 R3
A B C

Indeed, limited examples of sulfur substitution at R' in divinyl ketones are present

within the literature (Scheme 4.8). The majority of examples involve the generation of
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vinylogous thioesters through Friedel-Crafts type substitution of acyl halides, with sulfur-
substituted vinyl silanes 76 and 78.”" These vinyl sulfides are generated through addition of
phenylsulfenyl chloride to vinyltrimethylsilane followed by base catalyzed elimination of
chloride, forming 76. Alternatively, 78 was synthesized by UV-irradiation of a mixture of
thiophenol and ethynyltrimethylsilane. The complementary reactivity of the branched
derivative (76) allowed for controlled formation of the indicated cyclopentenone. This is a
result of the stabilization afforded by the trimethylsilyl group on the formation of the oxyallyl
cation. Interestingly, the regioisomer (78) leads to cyclopentenone (type C) through
cyclization and elimination of thiophenol. This is echoed in the use of the vinylogous
thioketal (80), where an analogous process occurs, with the exception that MeOH intercepts
the oxyallyl cation generated through cyclization.’” The synthesis of divinyl ketone (80)
involves the treatment of the corresponding o, B-unsaturated ketone with an enolizable base,
followed by addition of carbon disulfide and excess methyl iodide. Based upon the use of
toxic mercury (II) salts in the cyclization of (80) and the hazardous materials required for the

synthesis of this material, we elected to pursue cyclizations similar to 77 and 79.

0 ) Q o
o 1.2 equiv. AgBF, H ;
c * JL : ; N : via
, DCE:DCM 1.5:1, -50 "C to rt |
PhS™ “SiMes - SPh
H TMS” “SPh
76 35% vield 77
0 o)
0 _ .
&-_SiMeg 1.5 equiv. AICl PhS, ,
a * | - - via
DCE, rtto 80 °C |
PhS :
H SPh
78 55% yield 79
O  SCH; ?
_ BF3OEt2, chlz
| SCH3 MeOH, reflux H,CO' SCH,8
Ph Ph
80 73% yield

Scheme 4.8

The ability of divinyl ketone (77) to engage in Nazarov cyclizations as part of one-pot
processes inspired us to synthesize similar compounds and evaluate their reactivity with
Lewis acids (Eq. 4.4). However, the harsh conditions employed for the synthesis of divinyl

ketones 77 and 79 led us to choose an alternate route based upon our hydrothiolation
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methodology. Encouraged by the high level of chemoselectivity for alkyne versus alkene
hydrothiolation with Wilkinson’s catalyst, treatment of 81 could lead to the formation of the
requisite divinyl ketones. However, our evaluation of substrate scope for this process
identified ynones as challenging substrates for alkyne hydrothiolation, where all vinyl sulfide
regioisomers were formed. This is presumably through uncatalyzed conjugate addition
processes, prompting us to explore simple base-mediated procedures for the synthesis of

sulfur-substituted dienones.

(0]

R3
E Z O (0]
RY SR Nazarov cyclization R3 hydrothiolation R3
+ , S (4.4)
O | ] S ™S
s R¥TMs” "SR R
R 81
Ri SR
TMS

4.2.1 Hydrothiolation Approach to Divinyl Ketones (Substrate Design)

To ensure chemoselectivity in the conjugate addition, we elected to explore substrates
where substituents R® and R* preclude Michael addition to the conjugated enone. Embedding
these groups within a heteroaromatic ring satisfies this requirement, guaranteeing exclusive
reaction at the ynone (Figure 4.2). These substrates could be synthesized by the addition of

bistrimethylsilylacetylene to the corresponding acyl halide, or by a Sonogashira-type cross-

coupling process.’*3'°
O o]
R3
N X =
| S
\_/ HSR HSR
chemoselectivity chemoselectivity
difficult to achieve guaranteed
O . O
Friedel-Crafts or
X X
| X Sonogashira | c
\ T™MS \
X=8,0,NR

Figure 4.2 Chemoselectivity for Cross-Conjugated Ynones
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Gratifyingly, such a cross-coupling methodology exists for the synthesis of
heterocyclic substituted ynones.”® Additionally, this procedure was adapted into a one-pot
process for the preparation of pyrimidines, by addition of aminidium or guanidinium salts to
the crude ynone. This inspired us to attempt a similar one-pot procedure for the synthesis of
vinylogous thioesters involving the addition of an appropriate sulfur compound. As the
coupling between 2-thiophenecarbonyl chloride is known to occur with
ethynyltrimethylsilane, we decided that this would be an appropriate starting point (Eq.
4.5)°"

o 2 mol% Pd(PPhs),Cl, o
4 mol% Cul

S + = S 4.5
7 ™S NEt, THF, 1t, 1 h | A (45)

\ \

™S
82
82% yield

A separate advantage in choosing heterocyclic divinyl ketones derived from ynone
(82), is the selective collapse of the oxyallyl cation, generating a single cyclopentanone. This
relates to the low barrier for regeneration of aromaticity, which will likely be more influential
than a B-silyl effect (Scheme 4.9). If regeneration of aromaticity does occur, we hoped that
thiols with suitable X groups would induce nucleophilic attack from the incipient enolate,

constituting an interrupted Nazarov cyclization.

@) s OLA regeneration of s OLA
s Lewis acid SR aromaticity
\ I I """""""""""""""""""""" > \ Ol I \ l
TMS” "SR ™S SR ™S SR
OLA
S S
\ /y{/x ——————————————————————————— > U
™S S ™S s
Scheme 4.9

For example, we rationalized that an ester would serve as a suitable electrophile,
allowing for an unprecedented interruption of the Nazarov cyclization, involving subsequent
Dieckmann condensation. Additionally, the use of a pendant ester could avoid potential
complications stemming from elimination of the thiol, as an equilibrium between the enolate
(83) and free thiol may be established (Eq. 4.6). Upon addition of the thiol to the enone, the

tricyclic product could eventually be formed, ideally preventing any further elimination
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reactions. This process is known in the literature in contexts separate from

electrocyclizations, and has been used to form interesting sulfur heterocycles.’"'

0 o
S o} S
\ + LAS\(_’)]\ OR =-nume- - O (46)
" OR
™S TMS S ™S s—)
0
s
\ I
™S s/\r(OEt
ga ©

4.2.2  Synthesis of 84 and Optimization of Conditions for the Nazarov Cyclization

The decision to explore sulfur-substituted divinyl ketones with pendant esters led us
to choose 84 as an initial substrate for the Nazarov cyclization. We hoped that a suitable
Lewis acid would induce both cyclization and concomitant Dieckmann condensation to form
the tricycle shown in Eq. 4.6. The synthesis of divinyl ketone (84) commenced with the
aforementioned Sonogashira cross-coupling (Eq. 4.5 and 4.7). Furthermore, it was found that
the resulting ynone could be intercepted by the addition of 1,8-diazabicyclo[5.4.0]Jundec-7-
ene (DBU) and ethyl thioglycolate in a one-pot procedure. The ability of ynones to act as
Michael-acceptors obviates the need for transition metal catalysts in the synthesis of
vinylogous thioester 84. Using this method, the desired divinyl ketone (84) could be
produced in 92% yield, as a 2:1 mixture of olefin isomers. Interestingly, when this reaction
was stopped after 2 hours, divinyl ketone (84) formed as a 14:1 mixture of the E and Z-linear
vinyl sulfide in 93% yield, rather than an equal mixture of olefin isomers. The origin of the
observed selectivity is difficult to rationalize, but may result from a thiophene-palladium
complex that biases conjugate addition of the thiolate. Alternatively, the acidic amine salts
generated during the cross-coupling, or Michael addition, may cause the vinylogous
thioesters to isomerizes over time. The geometry of the isomerically pure (84) was confirmed
by a 2-dimensional Nuclear Overhauser Effect Spectroscopy experiment (2-D NOESY). The
spectrum indicated a strong correlation between the vinyl C-H resonance and the signal

corresponding to the hydrogen atoms adjacent to the ethyl ester (*).
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92% yield
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DBU =
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N

With multigram quantities of 84 in hand, we began to explore the reactivity of this
substrate with various Lewis acid activators. We elected to use highly oxophilic Lewis acids
such as BF;0Et, or TiCl, at cryogenic temperatures, given the recurrence of these conditions
in literature examples of the interrupted Nazarov cyclization. Additionally, we elected to use
Lewis acids capable of trapping intermediate 83 as the silyl enol ether (Eq. 4.6). This
involved treatment of 84 with trimethyl or fert-butyldimethylsilyl trifluoromethanesulfonates
(TMSOTT1, TBSOTY). Ideally, this would prevent elimination of ethyl thiogylcolate and allow
for reaction of the silyl enol ether with the pendant ester, upon activation of this species with
fluoride or alkyl lithium reagents.

In order to assess whether olefin geometry of 84 had any impact on the reactivity of
the Nazarov cyclization, we elected to use the 2:1 isomeric mixture illustrated in Eq. 4.7. As
polymerization of the oxyallyl cation is a typical side reaction associated with the Nazarov
cyclization, we elected to use dilute conditions in order to minimize this process. The initial
optimization results are shown in Table 4.1. For simplicity, the reactions were monitored by
TLC, concentrated after 16 hours and analyzed by 'H NMR spectroscopy to determine
whether any cyclization had occurred. The formation of 85 would be easily detectable by the
disappearance of the vinyl C-H resonance and the emergence of a signal corresponding to the
hydrogen atoms adjacent to the ketone (*). The new signal indicative of (85) should appear
as a second-order doublet with a large J'-value (~15-18 Hz), given the disatereotopic
relationship of the aforementioned o-hydrogen atoms. Unfortunately, olefin isomerization
appeared to be the only reaction evident, causing the original mixture for (84) to reach parity,
following subjection to the cyclization conditions. The use of TBSOTT appeared to cleanly
afford a single olefin isomer; however, this material was not characterized. Conversely, the
more reactive TMSOTY provided a complex mixture containing products consistent with

olefin isomerization, where 85 or the silyl enol ether was not evident. The conditions
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indicated for Table 4.1 were repeated at —40 °C, leading to no appreciable change in

reactivity.

Table 4.1 Reactivity of 84 with Various Lewis Acids (Initial Screening)

O . o
S : Lewis acid . o \ | .
\ ! | OEt CH.Cl. _78 ‘Ctort 16 h olefin isomerization +
T™MS s/\ﬂ/ 212 ) VS S/)/OEt
° (0]
84 5

2:1 mixture of
olefin isomers

Lewis Isomeric % Conversion

Entry . ] Comments
Acid? Ratio (84)° to (86)°

1 BF;0Et, ~1:1 <5 olefin isomerization®

2 TiCly ~1:1 <5 olefin isomerization

3 TBSOTf single <5 olefin isomerization
isomer

4 TMSOTf co_mplex n/a several byproducts
mixture

2 0.3 mmol 84 (0.02 M), 0.3 mmol Lewis acid. ® Determined by 'H NMR
spectroscopy following treatment with the Lewis acid. ¢ 0.6 mmol BF3;OEt,.

In spite of olefin isomerization being the predominant process initiated by addition of

Lewis acids (Table 4.1), we were interested in further exploring the reactivity of the silyl

triflates (TBSOT{ and TMSOTTY). The complex mixture accompanied by the use of TMSOT{

may relate to the formation of adventitious trifluoromethanesulfonic acid (TfOH). The

presence of this species could likely result in the hydrolysis of the trimethylsilyl enol ether

associated with the formation of 85. Therefore, a reaction was conducted with TMSOTY in

the presence of 2,6-lutidine, in order to effectively scavenge any acid byproducts generated.

The presence of a hindered base appeared to halt all reactivity, including olefin

isomerization, returning 84 unchanged (Eq. 4.8). The lack of reactivity observed in the

presence of a hindered base suggests that TfOH is likely responsible in generating the

complex mixture observed in Table 4.1 (entry 4).

o)

S X
TMSOTf
\ | | + /(j\ SO No Reaction (4.8)
N/ CH,Cl,, -78°Ctort, 16 h

™S s/\ﬂ/ OFt
o}

84 2,6-lutidine
2:1 mixture of
olefin isomers
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With the observation that TTOH may be capable of initiating the Nazarov cyclization,
we began to evaluate this Brgnsted acid with the E-linear divinyl ketone (84). We screened a
number of solvents, temperatures, and equivalents of triflic acid and evaluated conversion
based on '"H NMR spectroscopy. The spectral analysis was simplified by the use of 84
enriched in the E-linear regioisomer. This allowed for ease in integration of resonances
corresponding to 84 relative to peaks suggestive of olefin isomerization (87), or products

consistent with cyclization (85 or 86), as reported in Table 4.2.
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Table 4.2 Reactivity of 84 with Triflic Acid (TfOH)

(0]
0 s o s
S equiv. TIOH WA /A
\J | OEt solvent, temp., time OEt * S T™MS
™S 8T R s o
(0] (0]
OEt
84 R =TMS = 85 87
enriched in R=H=286 isomerized olefin
E-linear isomer R
S S
AL
(0] OEt
(0]
R =TMS = 85'
R=H=288

Equivalents Concentration Temperature Time

Entry TfOH M) Solvent (°C) (h) Conversion (%)?
1 0.50 0.02 DCM -78tort 16 <5
2 10 0.02 DCM -78tort 16 20 (86)
3 5 0.2 a?-DCM rt 24 > 95 (86)°
4 1 0.3 DCE rt 16 27 (86)
5 5 0.3 DCE rt 16 68 (86)°
6 5 0.02 DCE rt 16 87 (86)
7 10 0.02 THF -78tort 16 polymerized THF
8 10 0.02 DMF -78tort 16 <5
9 1 0.02 CH3CN -78tort 16 17 (87)
10 10 0.02 CH3CN -78tort 16 66 (87)
11 20 0.02 CH3CN -78tort 16 72 (87)
12 8 0.02 CH3CN rt 16 23 (88)
13 15 0.02 CH3CN rt 16 89 (1:2 85":88)
14 20 0.02 CH;CN rt 3 52 (88)d

a Determined by "H NMR, following workup and concentration of the crude reaction mixture.
b jn-situ experiment. ¢ 50% isolated yield. 9 28% isolated yield.

Initially, halogenated solvents were investigated, showing only modest reactivity with
a large excess of TfOH under dilute conditions (entries 1 and 2). It appeared that
protodesilylation occurred prior to, or following cyclization of (84) leading us to assign the
product formed in entry 2 as 86. The presence of this compound was accompanied by the
appearance of second-order multiplets involving coupling of the methine hydrogen with the

diastereotopic methylene hydrogens adjacent to the ketone (*). To this end, an in-situ
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experiment was performed involving the treatment of a 0.2 M solution (84) in CD,Cl, with 5
equivalents of TfOH. The appearance of signals consistent with disubstituted vinyl sulfides
was not observed during cyclization, suggesting that protodesilylation likely occurs
following the formation of the cyclopentanone (85). Furthermore, the addition of 5
equivalents TfOH to a 0.2 M solution of dienone 84 led to complete consumption of starting
material (entry 3). Similar reactivity was observed when DCM was replaced with 1,2-
Dichloroethane (DCE) as solvent. Again, the use of 5 equivalents TfOH relative to the
dienone substrate appeared optimal, providing cyclopentanone (86) in 68% conversion (entry
5). Purification of the crude sample by column chromatography resulted in a 50% isolated
yield of cyclopentanone 86 (entry 5).

The formation of the desilylated cyclopentanone (86) in halogenated solvents
prompted us to evaluate the use of solvents capable of undergoing proton exchange with
TfOH. We hoped that the use of tetrahydrofuran (THF), dimethylformamide (DMF) or
acetonitrile would allow for the isolation of the silylated cyclopentanone (85). Not
surprisingly, the use of tetrahydrofuran and dimethylformamide led to substantially reduced
reactivity (entries 7 and 8). In the case of THF, polymerization of solvent occurred,
precluding the isolation of material suitable for 'H NMR spectroscopic analysis. With DMF,
exchange between TfOH and solvent occurs rapidly, where the conjugate acid of DMF
appears to lack the strength necessary for inducing cyclization. Likewise, the use of
stoichiometric and excess quantities of TfOH in acetonitrile (CH;CN) led to isomerization of
(84) at low temperature (entries 9-11). The greater strength of the conjugate acid associated
with CH,;CN relative to DMF appears to be sufficient in activating (84) towards cyclization.
Gratifyingly, when TfOH is added at room temperature to solutions of (84) in acetonitrile,
the formation of a cyclopentanone product was observed (entries 12-14). Conversely, heating
mixtures of 84 and TfOH in acetonitrile appeared to negatively effect conversion and yield,
leading to numerous byproducts likely associated with polymerization of 84. Increasing the
amount of TfOH seemed to positively effect conversion, where treatment with 20 equivalents
led to 52% conversion following 3 hours. Purification by column chromatography provided
an isomeric cyclopentanone (88) in 28% isolated yield (entry 14).

Interestingly, the 'H NMR of the cyclopentanone isolated in entry 14 (Table 4.2)
differed slightly from that formed when DCE was used as solvent (entry 5, Table 4.2). In
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particular, the thiophene resonances for entry 5 (DCE as solvent) are deshielded to a greater
extent than those observed for entry 14 (acetonitrile as solvent). Otherwise, the spectra are
nearly identical, and possess very similar coupling patterns that are in agreement with the
proposed cyclopentanone product (86). The similarity between the spectra suggests that the
cyclopentanone products are constitutional isomers; such as compounds 86 and 88, where
either entry 5 or entry 14 may represent the analogous 3-substituted thiophene (88). Figure
4.3 illustrates the chemical shift values associated with 2 and 3-substituted thioindanones.
Evidently, the C-H bond (A) adjacent to the thiophene sulfur atom is consistently downfield
from the more distal C-H bond (B). The greater deshielding of the C-H bond (A) in 2-
substituted thioindanones is in agreement with the greater degree of conjugation of the
thiophene with the carbonyl. Conversely, the 3-substituted thioindanones do not allow for a

contiguous delocalization of the thiophene n-electrons with the adjacent carbonyl.”'>*"

S) A S OH A S
o
|/ |)/ S sl sl
o o)
=
o) e 0

MeO OH

o}
A5 =7.32 ppm A d=7.94 ppm Ad =7.55ppm A b =8.60 ppm
B d=7.12 ppm B 6 =7.08 ppm B 6=7.15 ppm B 6 =7.70 ppm

Figure 4.3 "H NMR Chemical Shift Values for 2 and 3-Substituted Thiaindanoes

Analysis of the 'H NMR spectra corresponding to the cyclopentanone (86) generated
upon reaction of 84 with TfOH in DCE and CH;CN is shown below. The aryl C-H
resonances for cyclopentanone (86) obtained with DCE as solvent (8 8.07 and 7.21 ppm)
appear further downfield relative to the analogous reaction conducted in CH,CN (8 7.57 and
7.09 ppm). The greater extent of deshielding evident for the aryl C-H resonances suggests
that the cyclopentanone formed with DCE as solvent is likely the 2-substituted derivative.
Conversely, the cyclization conducted in CH;CN is more consistent with a 3-substituted
thiaindanone formed upon rearrangement of the pentadienyl or oxyallyl cation intermediate.
Diagnostic signals for (86) include the disatereotopic splitting patterns for positions C and E.
For the cyclopentanone formed in acetonitrile, coupling of the methine proton (D’) with the

hydrogens (C’) was confirmed by "H-'H correlated spectroscopy (COSY). Additionally, the
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connectivity was established by heteronuclear multiple-bond correlation spectroscopy

(HMBCO).

507% Isolated yield

86 A B
entry 5 (DCE as solvent) ‘

A B
" 4 ' _
entry 14 (CH,CN as solvent)
s 0
A“‘ —
g —|._ _‘C
ol 9
5 gl o A 2 E
86 D F [ C
507% Isolated yield % |
entry 5 (DCE as solvent) o . T |y
F’ C F C’

D’ I '
A o A | TR | Ly

entry 14 (CH,CN as solvent)

Figure 4.4 "H NMR Specta of the Cyclopentanones Obtained with DCE or CH;CN

The apparent formation of a 3-substituted thiaindanone from dienone 84 was certainly
unexpected. However, literature examples concerning intramolecular Friedel-Crafts
acylations with 2 and 3-substituted thiophenes and pyrroles have demonstrated similar
rearrangements.””* The cyclization of proprionic acid derivatives with the aforementioned
aromatic heterocycles led to mixtures of the corresponding cyclization products (Scheme
4.10). The cyclization of the thiophene derived proprionic acid was shown to exlusively form
the 2-substituted thiaindanone, rather than the expected 3-substituted analogue. A similar
observation was made for the pyrrole derived propionic acid, where a mixture of the

cyclization products was observed, favouring the rearranged product.
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The authors who studied the rearrangement of heteroaromatic propionic acids put
forth a mechanistic rationale based upon the formation of spirocyclic intermediates during
cyclization. The mechanistic interpretation is based upon the greater propensity of the 2-
position of heteroaromatic species to engage in electrophilic addition processes, such as the
Friedel-Crafts reaction. Explaining the rearrangement involved in treating dienone 84 with
excess TTOH in CH;CN is slightly more complex. The presence of the acyl group at the 2-
position of the thiophene ring should render this position less reactive towards electrophilic
addition, relative to the propionic acids shown in Scheme 4.10. Nonetheless, if dienone 84
were to occupy the conformation shown in Scheme 4.11, protonation of the vinylogous
thioester would provide the expected pentadienyl cation, which would be in resonance with
the corresponding thionium ion. Spirocyclization would then generate a cyclobutanone
intermediate, which may subsequently undergo a 1,2-acyl migration providing the rearranged
cyclopentanone. Similar 1,2-acyl migrations with concomitant ring expansion have been
invoked in pinacol-type rearrangements for the synthesis of spirocyclic diketones.’” The
migration of the acyl group may be facilitated by stabilization of the carbocation in the 2-
position by virtue of the p-trimethylsilane. Restoration of aromaticity can then be
accomplished upon elimination of the trimethylsilyl group and subsequent y-protonation
(Scheme 4.11). Alternatively, a-deprotonation of the ketone and tautomerization would also

restore aromaticity, which would be followed by proteodesilylation.
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An alternate mechanism for rearrangement to cyclopentanone (88) involves a retro

Friedel-Crafts acylation whereby a highly reactive acylium ion is formed. A similar

mechanism has been proposed for the generation of the y-ketoester (89) from the spirocyclic

diketone upon prolonged exposure to acidic media.’” The proposed mechanism for the

formation of 88 involves the elimination of methanol via the formation of an acylium ion.

The formation of this electrophilic species is depicted in Scheme 4.12, which may occur

through a common intermediate as the 1,2-acyl migration pathway (Scheme 4.11). The

regeneration of the thiophene may then lead to preferential reaction at the 3-position given

the steric bulk imparted by the adjacent sulfide and trimethylsilane. Additionally, the

carbocation generated by reaction of the 3-position may be electronically favoured via the (3-

silicon effect, similar to that described in the 1,2-acyl migration.

116



0]

o EtO
s 4
O
|@ —— s % ™S — > S \)X\
s” TMs | /\' — | )~ OEt
OQX 7
OEt ®0) o}
acylium
ion 88
o (0]
o
HO”] L OEt °c OMe
OMe OMe
spirocyclic
diketone 89
Scheme 4.12

The interesting solvent dependence on the reactivity of dienone 84 with excess TfOH
inspired us to further evaluate the cyclization efficiency upon microwave irradiation. We
elected to continue using DCE as solvent, given the absence of rearrangement during
cyclization, and the greater temperature range possible relative to DCM. It seemed resonable
that the use of microwave heating would enable either a reduction in the necessary quantity
of TfOH, or rate acceleration for the cyclization of dienone 84. The polarity associated with
the pentadienyl and oxyallyl cation intermediates characteristic of the Nazarov cyclization
suggest that microwave heating may indeed promote reactivity. To this end, microwave
acceleration has been observed for pyrrole-substituted dienones, where numerous byproducts
were observed upon prolonged conventional heating.’'® In our hands, conventional heating
also resulted in polymerization or decomposition of starting material, or the resulting
cyclopentanone products. The effect of microwave irradiation on the reactivity of 84 with
TfOH and various Lewis acids was thus evaluated, and the results are summarized in Table

43.
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Table 4.3 Reactivity of (84) with Triflic Acid (TfOH) Under Microwave Irradiation

0 s (0] (0]

\s/ | equiv. TOH/Lewis acid % \s/ |
+
Et i OEt Et
™S S/\ﬂ/o DCE, temp., time, uW R S/\n/ ™S Sﬁ]/o
0 ¢ 0
84 R =TMS = 85 87

enriched in R=H= 86 isomerized olefin
E-linear isomer

Entry Equivalents Lewis Temperature Time Conversion (%)°
TfOH/Lewis acid ~ Acid (°C) (h)

1 1.2 n/a 80 1 28 (87)
2 1.2 n/a 110 0.5 57 (87)
3 1.2 n/a 110 1 50 (87)
4 5 n/a 80 1 82 (86)
5 5 n/a 80 1.5 82 (86)
6 8 n/a 80 1 82 (86)
7 5 TiCly 80 1 48 (85)

complex
8 5 TBSOTf 80 1 mixture
9 5 TMSOTf 80 1 65 (86)°

a Concentration (84) was 0.2M. ? Determined by 'H NMR, following workup and
concentration of the crude reaction mixture. ¢ Byproducts present.

The use of microwave heating appeared to greatly accelerate the reactivity of (84)
with TfOH, leading to high conversions after irradiation for one hour. However, excess
TfOH 1is still required in order to obtain useful conversions, where olefin isomerization
predominates with 1.2 equivalents of Brgnsted acid (entries 1 to 3). Extending the reaction
time beyond one hour does not appear to have an appreciable effect on conversion, as does
increasing the amount of TfOH beyond 5 equivalents (entries 4 to 6). Given the ability of
microwave irradiation in accelerating the Nazarov cyclization of 84 with Brgnsted acids, we
decided to reevaluate the Lewis acids initially screened. Of these, TiCl, appeared to facilitate
cyclization to 85; whereas, the silyl triflates provided complex mixtures of products. Again,
this is likely due to adventitious triflic acid, which may be the substance responsible for the
observed reactivity. It was hoped that the use of Lewis acids under these conditions would
promote the Nazarov cyclization/Dieckmann condensation cascade sequence. However, no
tricyclic products of this nature were detected in the '"H NMR spectra for entries 7 to 9. The

use of Brgnsted acids does not appear to facilitate the Dieckmann condensation, which is
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likely due to equilibration between the keto and enol forms of 86. Additionally, the reactivity
of the enol form of 86 coupled with the reduced electrophilicity of ester functionalities, likely
impedes the Dieckmann condensation, favouring tautomerization.

Undaunted, we sought to finalize the conditions for the Nazarov cyclization of 84
under microwave irradiation. A slight increase in the isolated yield for 86 was observed upon
four-fold dilution (entry 1 versus 2). Furthermore, the addition of trifluoromethanesulfonic
anhydride (Tf,0) as dehydrating agent appeared to slightly improve the yield with a
concentration of 0.2 M 84 (entry 2 versus 3). Lastly, as microwave heating using
conventional microwave ovens typically involves a ramp time in achieving the desired
temperature, we decided to test whether variable temperature programs would affect the
observed yield.317 To this end, 84 was heated at 80, 100, and 120 °C at 10 minute intervals, to
assess whether this may facilitate the Nazarov cyclization, or the subsequent Dieckmann
condensation (entries 4 and 5). This proved less effective than heating at 80 °C for 1 hour
(entries 1 and 2). As the yield of the Nazarov cyclization did not appreciably increase upon
dilution or treatment with Tf,0, it was decided that heating 84 at 80 °C for 1 hour in the
presence of 5 equivalents TfOH was optimal for the production of 86 (entry 2). The
discrepancy between the isolated yields, and the conversions observed by 'H NMR
spectroscopy suggest that 86 may be unstable towards chromatographic purification.

Table 4.4 Final Screening of Conditions for Cyclization of 84
Q s
@S/)j\ 5 equiv. TFOH %
OEt DCE, temp., time, uW 0
T™S™ S
Y s Hor
84 86

enriched in
E-linear isomer

Entry? Concentration  Temperature Time Isolated
(M) (°c) Yield (%)
1 0.05 80 1 56
2 0.2 80 1 51
3 0.2 80 1 550
4 0.05 variable¢ 0.5 39
5 0.2 variable¢ 0.5 28

20.6 mmol (84), 3.0 mmol TfOH. ® 0.15 mmol Tf,O added. ¢ The
microwave was programmed to increase the temperature from 80 to
100 to 120 °C at 10 minute intervals.
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4.2.3  Analysis of Sulfide Substitution on the Nazarov Cyclization

With the conditions optimized for the cyclization of 84, we elected to evaluate the
reactivity of a variety of sulfur-substituted dienones. The synthesis of these compounds was
readily accomplished using the Sonogashira-type cross-coupling/Michael addition sequence
mentioned for the preparation of 84. It was found that a diverse array of alkyl and aryl thiols
were tolerated under these conditions, often providing quantitative amounts of the dienone.
In situations where reduced yields were evident, small amounts of products correlating to
desilylation were observed. A number of these dienones were obtained with excellent
selectivity for the E-linear vinyl sulfide, which was determined by 2-D NOESY experiments.
For aliphatic thiols, a correlation between the vinylic signal and the methylene resonances
proximal to the sulfur could be identified. For dienones 92 and 93 an additional correlation
could be detected between the vinyl and thiophene C-H resonances, suggesting that the
dienones may partially exist as the S-shaped conformer at room temperature. For aryl
substituted vinylogous thioesters, the hydrogens in the ortho or meta-positions (in relation to

sulfur) demonstrated clear correlations with the vinylic signal.
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Table 4.5 Synthesis of Sulfur-Substituted Dienones

o 1) 2 mol% Pd(PPh3),Cl, o)
S o * =-TMs 4 mol% Cul S
W NEts, THF, rt, 1 h N
2) DBU, thiol, 0.1-16 h TMS s”
. . Isomeric Isolated
Entry? Dienone Thiol Ratio Yield (%)
1 90 HS” >Ph 6:10 95
2 91 i 9
5:1¢ 7
HSVkOEt
3 92 HS@ only 95
E-linear?
4 93 HS@— only 95
E-linear?
5 94 HSOOM& 10:1¢ 95
6 95 HS@—Br only 72
one isomer®

2 1.3 mmol 2-thiophenecarbonyl chloride (0.2 M),
1.3 mmol ethynyltrimethylsilane, 1.3 mmol NEts, 0.03 mmol Pd(PPhs),Cl,,
0.07 mmol Cul. 1.06 mmol DBU, 1.06 mmol thiol. ® Major isomer
determined to be the E-linear by 2-D NOESY. ¢ Major isomer not determined.

As we were interested in how sulfur-substitution would impact the reactivity of the
vinylogous thioester towards Nazarov cyclization, we subjected the various dienones to the
optimized conditions studied earlier (Table 4.4). In general, it seemed that all dienones
studied demonstrated reduced reactivity toward the Nazarov cyclization with TfOH. Of the
substrates examined, only 91 appeared to undergo the Nazarov cyclization to give (C) in
67% conversion, along with unreacted starting material. Dienone 90 underwent olefin
isomerization and protodesilylation yielding an 11:1 ratio of E and Z-linear isomers in 20%
isolated yield (Table 4.6). The use of aryl substituted vinylogous thioesters (92 to 95)
demonstrated similar reactivity in comparison to 84 (entries 2-6). The use of dienone 92
yielded a mixture of starting material and E-linear vinylogous thioester (A) in 48% yield
(entry 3). Extending the reaction time appeared to mainly facilitate decomposition; however,
E-linear olefin and small amounts of products consistent with the Nazarov cyclization were
present in the 'H NMR spectrum (entry 4). The absence of the Z-linear vinylogous thioester

suggests that phenyl substitution may hinder olefin isomerization.
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Table 4.6 Nazarov Cyclizations of Sulfur-Substituted Dienones

(0] 0 s o s (0]
S 5 equiv. TFOH s W \_/
+ +
\ | R DCE, temp., time, uW \ ] R R
TMS™ *s” s~ T™MS™ ~8” S\R
A B Cc
Entry? Dienone R Reaction Conversion Isolated Product
Conditions (%) Yield (%)
1 90 é_\ 1 n/a 20 A2
Ph
o
2 91 1b 67 n/a Cc
OEt
3 92 3—@ 1 n/a 48 Ac
4 92 1d decomposition n/a A:C (2:1)
5 93 i—@ 2 n/a 26 Ae
6 94 @OMe 1 87 n/a A:C (1:1)®
7 95 i—QBr 1 84 n/a n/a®

Condition 1: 0.2 M dienone, 5 equivalents TfOH, 80 °C uW, 1 h. Condition 2: 0.2 M dienone, 5 equivalents TfOH,
80 to 100 to 120 °C (10 minute intervals) uW. 2 11:1 E:Z linear. © Stir period of 1.5 hours. ¢ 1.7:1 ratio E-linear isomer
(A) to starting dienone (92). 9 Stir period of 2 hours. € Unidentified byproducts present.

The use of electron releasing para-substituents seemed to enhance reactivity, but
consequently led to the formation of several byproducts. The use of electron withdrawing
groups in the para-position also enhanced the reactivity relative to dienone 92. Interestingly,
the use of dienone 95 provided a species that seemed consistent with addition of a second

equivalent of thiol (Figure 4.5).
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Figure 4.5 "H NMR Spectra of Dienone (92) Before and After Cyclization

The differences in reactivity observed for alkyl and aryl substituted vinylogous
thioesters is likely a consequence of the delocalization of the sulfur lone pair electrons. It
could be expected that the use of aryl sulfide substituted dienones (92 to 95) would lead to
lower reactivity with Brgnsted and Lewis acids. This is reflected in the degree of olefin
isomerization observed for dienone 90, where the initial 6:1 E and Z-linear vinylogous
thioesters became enriched in the E-linear following reaction with TfOH. The treatment of
dienone 92 with TfOH simply returned unreacted starting material with an equal amount of
the E-linear vinylogous thioester formed following protodesilylation. As dienone 92 was
isolated exclusively as the E-linear isomer, the absence of the corresponding Z-linear species
following treatment with TfOH suggests these species may react less productively with
Brgnsted acids. The use of electron releasing groups in the para-position helped increase
reactivity generating small amounts of products consistent with Nazarov cyclization (C);
however, numerous byproducts were formed. This suggests that a fine balance exists between
the electronic contribution of the sulfur, and the ability of the sulfide to be eliminated
following cyclization. To this end, the para-bromo substituted dienone (95) demonstrated the
formation of a product that may relate to the addition of a second equivalent of thiol to the
original dienone (Figure 4.5). Similar products were observed to a lesser extent for the other
aryl substituted vinylogous thioesters examined. The formation of this product can be
explained by the elimination of the thiol following cyclization as depicted in Scheme 4.9.

The equilibrium for this process will likely favour the formation of 96 given the better
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leaving group ability of aryl relative to alkyl thiols. Furthermore, the formation of 96 may
lead to dimeric or polymeric compounds as a consequence of the antiaromatic character
(Scheme 4.13). This has been observed for cyclopentadienones, where Diels-Alder

dimerization occurred immediately following acid hydrolysis of the corresponding ketal .’

OH o}
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\ | r —  \ | + HSOR
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96
Scheme 4.13

4.2.4 Investigation of 3-Substituted Thiophene Dienones

The greater reactivity of the 2-position in electrophilic addition reactions of thiophene
prompted us to evalue 3-substituted dienones.’”” *** The preparation of these compounds
proved lower yielding relative to the 2-substituted dienones, as the silyl-protected vinylogous
thioesters appeared to undergo protodesilylation more readily. Given the difficulty in
isolating the silyl protected vinylogous thioesters, we conducted the Michael addition and the
Nazarov cyclization as a one-pot procedure with the trimethylsilylynone (97). Treatment of
3-thiophenecarboxylic acid with excess SOCI, at reflux gave the corresponding acyl halide in
85% yield following Kugelrohr distillation. The acyl halide underwent smooth Sonogashira-
type cross-coupling with ethynyltrimethylsilane providing 97 in 91% isolated yield following

chromatographic purification (Scheme 4.14).
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The treatment of ynone 97 with DBU and ethylthioglycolate followed by addition of
TfOH and microwave irradiation (80 °C, 1 hour) provided a cyclopentanone consistent with
88. The similarity of the expected 3-substituted thiaindanone with that previously observed
for the cyclization of dienone 84 in CH,;CN provides additional support for our initial
prediction. By conducting the Michael addition and the Nazarov cyclization in one-pot, it
became apparent that 2.5 equivalents of TfOH was sufficient for initiating cyclization,
relative to the 5 equivalents typically required for useful conversions of dienone 84 to
cyclopentanone 86. The addition of less than 2.5 equivalents of TfOH or longer reaction
times simply led to lower conversion to the cyclopentanones. The substitution of
ethylthioglycolate with benzylmercaptan, thiophenol or 4-methylthiophenol in the one-pot
Michael addition Nazarov cyclization proved less successful. Not surprisingly, a common
side reaction during the Michael addition was alkylated thiol, where the thiolate underwent
nucleophilic substitution with solvent (DCE). Additionally, the formation of a mixture of
cyclopentanones was observed in all cases. Increasing the temperature from 80 to 100 to 120
°C for 10 minute intervals seemed to increase the conversion to cyclopentanone 88.
Interestingly, the variable temperature program seems to afford a greater amount of the
expected 3-substituted thiaindanone (88), relative to the other cyclopentanone formed during

cyclization.
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Figure 4.6 Crude "H NMR Analysis for the Synthesis of Cyclopentanone 98

In order to better assess the cyclopentanone formed in addition to (88) we synthesized
dienone 98 in an attempt to isolate sufficient material for further characterization. To this
end, our one-pot synthesis of vinylogous thioesters provided dienone 98 in 53% isolated
yield, with exclusive selectivity for the E-linear regioisomer. Treatment of dienone 98 with
2.5 equivalents of TfOH and subjection to the variable microwave heating program allowed

for the isolation of the mixture of cyclopentanones in very low yield.
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Scheme 4.15

The comparison of the previously synthesized thiaindanones with the mixture
obtained during cyclization of (98) is shown in Figure 4.7 and 4.8. As can be seen, the
mixture obtained upon cyclization of the 3-substituted dienone matches that previously

obtained with the analogous 2-substituted derivatives.

(o}
s-IMS__s. [
Ch1 Y~ o 2.5 equiv. TIOH
A DCE, 80 1o 100 to 120 °C
o 0.5h, uW
98
.l\ _'{_ - ,4__.I.,‘_L o __u.,',ﬂ.hd\_ . M
20 equiv. TIOH
w . ~OEt CH,CN, it 3 h
o [+]
84 88
E-linear only 28% isolated yield 1
- l " =i | ;..M_JJIJUAL li =
0
Y 5 equiv. TIOH
A U
~._OEt DCE. 80 °C, 1 h, uW
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o
84 86
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Figure 4.7 Product Comparison for the Cyclization of 3 and 2-Substituted Dienones
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Comparative analysis of the second-order multiplets in the 'H NMR spectra further
exemplifies the similarity of the cyclopentanones (Figure 4.8). The apparent mirroring of
signals originally identified for the cyclizations performed in CH;CN and DCE with dienone
84 is also present in the mixture obtained with dienone 98. This strongly suggests that the
mixture of cyclopentanones formed upon cyclization of 98 consists of both the expected

product (88) and the 2-substituted thiaindanone (86).
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H-"" ){"'Cix 2.5 equiv. TFOH ,f" J /
o DCE, 80 1o 100 to 120 °C 7 )
If N6 h o'W W
o 0.5h, uW o) S A OE1
98 a8 2]
oqual mixture
I
1k
W'
0 N
5 s .‘
<Y 20 eguiv. TIOH N [y o
0 A OBt SCN, it 3 F }
s~ g~~~ OF CHLCN, rt, 3 h
o]
84 88
E-linear only | 28% isolated yield
A | o
0 0
5 equw. TIOH \ __'
o B e o B0 °C - N~ o
™S s OEt DCE. 80 °C, 1 h, uW ] g
o S~ 0F
84 86
E-linear only ; 51% isolated yield
1
i UL, 1} 1
Y » o . ,1’.;&'\" LA A

— -

'Y ponm|

Figure 4.8 Similarity of Products Obtained by Cyclization of Dienone (98) and (84)

A mechanistic rationale for rearrangement for the formation of 86 from a 3-
substituted dienone is expected to be similar to that originally proposed in Scheme 4.11 and
4.12. The formation of a spirocyclic cyclobutanone would be predicted to be less favourable
with a 3-substituted dienone, given the deactivating effect of the acyl group and the tendency
for the 2-position to engage in electrophilic addition. Nonetheless, if the spirocyclic
intermediate forms, the 1,2-acyl migration would provide a highly stabilized carbocation due
to delocalization through the thiophene ring, and the presence of the -trimethylsilane.

Additionally, formation of the acylium ion would be expected to readily undergo
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electrophilic addition given the accessibility of the 2-position (Scheme 4.16).

| S;@ | S0 — | S/ ©
S ™S 0
O o} s S
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1,2-acyl migration 86
S S S
BE | ) 9 | )~
O,
~ S —_— —_—
o P ™SI oR > d \/IZ)
Ot \/go OFt
acylium
ion 86
Scheme 4.16

4.2.5 Investigation of Benzothiophene Containing Dienones

The ability of dienone 84 and 98 to undergo Nazarov cyclization with strong
Brgnsted acids led us to explore the use of benzannulated derivatives. It was anticipated that
benzothiophene substituted dienones would undergo cyclization more readily, as the barrier
to interrupting aromaticity is lower than the analogous thiophene.

Dienone 99 was synthesized using our one-pot cross-coupling Michael addition
sequence starting from thianapthene-2-carboxylic acid. As the carbonyl chloride is not
available commercially, the acid was heated in the presence of thionyl chloride, followed by
evaporation of the volatiles. The acyl halide formed in-sizu was then carried forward without
purification. The subjection of this species to the conditions for the cross-coupling Michael
addition sequence resulted in dienone 99 with a small amount of an unknown impurity (60%

combined yield).
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Scheme 4.17 Synthesis of Benzothiophene Dienone 99

The contaminant could be partially separated from dienone 99, leading to a sample
enriched in this species (12% isolated yield). The '"H NMR spectrum of this impurity
contained peaks consistent with the formation of a cyclopentanone product. Figure 4.9 shows
the "H-"H correlation spectrum (COSY), which illustrates the expected coupling between the
hydrogen atoms at positions A and C. Additionally, the characteristic pattern for
diastereotopic methylene hydrogens is present for C as highlighted in Figure 4.9. The
coupling patterns observed for A and C is also consistent with that identified during the

characterization of the 2 and 3-substituted thiophene cyclopentanones 86 and 88.
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Figure 4.9 "H-'H Correlation Spectrum (COSY) for Dienone (99) Contaminant

The formation of the tricyclic cyclopentanone during the synthesis of dienone 99 was
unexpected. The use of thionyl chloride in forming the acyl halide and the reduction of
Pd(PPh;),Cl, to Pd(0) during the Sonogashira cross-coupling may generate quantities of HCI.
However, the adventitious acid should have been scavenged by the hindered nitrogenous
bases used in the cross-coupling. The corresponding conjugate acids formed during the
Michael addition would not be expected to effectively induce Nazarov cyclization, but may
play a role in facilitating the reactivity. This suggests that trace amounts of electrophilic
palladium or copper complexes may be responsible for the observed reactivity. The sample
consisting primarily of dienone 99 was treated with one equivalent of TfOH, and a variety of
Lewis acids including: TiCl,, BF;OEt,, AIEtCl,, and SiCl,. With the exception of SiCl,,

starting material was consumed in all cases. Unfortunately, only BF,OEt, and AlEtCl,
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seemed to produce compounds that resembled a cyclopentanone product, where the
remaining Lewis and Brgnsted acids caused decomposition to complex mixtures. However,
the '"H NMR spectra for cyclizations of 99 with BF,0Et, and AIEtCl, did not contain peaks
resembling those shown in Figure 4.5. Additionally, the 'H NMR spectra did not contain
resonances indicating the formation of the Dieckmann adduct. These results were puzzling,
as the one-pot synthesis of dienone 99 contained a cyclopentanone that clearly resembled that
produced following the Nazarov cyclization of 84 or 98 with TfOH.

Overall, the benzothiophene substituted dienone 99 appeared significantly more
reactive than the analogous 2-substituted thiophene derivative. The observed reactivity
prompted us to explore an alternative route for the synthesis of dienone 99, in order to assess
whether trace amounts of transition metals were indeed the culprit behind the formation of
the cyclopentanone. We decided to prepare 99 using the more conventional Weinreb ketone
synthesis, starting with thianapthene-2-carboxylic acid.”®' To this end, the acid was treated
with an excess of SOCI, followed by evaporation of the volatiles, yielding the crude acyl
halide (Scheme 4.18). Subsequently, excess N,0-dimethylhydroxylamine hydrochloride was
added in conjunction with N,N-diisopropylethylamine (DIPEA) providing the corresponding
Weinreb amide (100) in 92% isolated yield. The addition of lithium trimethylsilylacetylide to
the Weinreb amide provided the terminal ynone (101) after acidic workup. We had hoped to
form the trimethylsilyl-protected ynone; however, the dilute acidic conditions required for

collapse of the tetrahedral intermediate apparently led to protodesilylation.

O

s 0 1) 6equiv. SOCI, @ES)_/{

/ toluene, reflux, 2 h / N-OMe
/

2) CH3NH,(OMe)*CI-

100
DIPEA, CH,Cly, 16 h 92% yield
O
S5 P TMS———Li S
% N-OM THF, -78 °C /
-OMe ,-78°Ctort
/ AN
101
82% yield

Scheme 4.18

We then investigated the addition of various thiols to 101, where Nazarov cyclization
was attempted as a one-pot procedure, following thio-Michael addition. The thiols examined

were cyclohexylmercaptan, benzylmercaptan, and ethylthioglycolate. The addition of a two-
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fold excess of BF;0Et, to any of the in-situ generated vinylogous thioesters did not produce
any of the desired cyclopentanone product. Similarly, the vinylogous thioester formed upon
addition of ethylthioglycolate to 101 was extracted from the crude reaction mixture to
remove residual DBU. The crude material was then treated with a variety of Lewis acids
yielding an equimolar mixture of the vinylogous thioester in all cases. The lack of reactivity
observed for the disubstituted vinylogous thioesters formed in Scheme 4.19 suggests that the

trimethylsilane is required for cyclization, due to the stabilization of the intermediate oxyallyl

s 0 , o}
) 1) DBU, thiol, THF Y,
\ 2) BF;OEt,, THF

101 RS

SH EtO
thiol: O/ ph” > sH N sH
o)

cation.

(0)]

S
(o) Y °
S/ 1) DBU, HSCH,CO,Et, THF
\\ 2) Lewis acid, DCM S\//Z)
101 OEt

Lewis acid: Cu(OTf),, FeClg, InCl3
Scheme 4.19

4.2.6 Investigation of Other Heteroaromatic Substituted Dienones

The unexpected formation of a cyclopentanone product during the synthesis of
dienone 99 prompted us to investigate other heteroaromatic dienones. Initially we tested the
analogous furan derivatives of dienone 84. To this end, our one-pot protocol for the synthesis
of vinylogous thioesters was used to synthesize the 2-susbtituted furan containing dienone
(102) in 90% isolated yield (Eq. 4.9). Using this method, dienone 102 was formed

exclusively as the E-linear vinylogous thioester as determined by 2-D NOESY spectroscopy.

(o) 1) 2 mol% Pd(PPh3)ZC|2 o Q
4 mol% Cul *
o) o *t =—TMs : \ I 1 (4.9)
| NEts, THF, rt, 1 h OEt
\ TMS™ S
2) DBU, HSCH,COOEt, 16 h o
102
90% yield
(two steps)
E-linear only
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The Nazarov cyclization of dienone (102) at various temperatures and equivalents of
TfOH was then examined in order to assess the reactivity of this substrate. The optimized
conditions for 84 proved less successful in initiating the Nazarov cyclization. Microwave
irradiation of 102 for 1 hour at 80 °C in the presence of 5 equivalents of TfOH resulted in
66% conversion to a mixture of the deprotected vinylogous thioester (103) and the
cyclopentanone (104). The obervation that microwave power output may affect the reactivity
of azide cycloaddition reactions led us to use a fixed power setting.””> The use of a
continuous output of 30 watts during microwave irradiation resulted in a slight increase in
conversion; however, a greater proportion of 103 was formed (entry 2). The use of fewer
equivalents TfOH, lower temperature, and extended reaction times also provided a greater
proportion of the deprotected vinylogous thioester (103) with varying degrees of olefin
isomerization (entries 3-6). Similarly, increasing the temperature also appeared to yield a
greater proportion of 103 regardless of the amount of TfOH, where decomposition occurred
upon heating the mixture above 130 °C.

The lower reactivity observed for 102 relative to 84 may relate to the barrier in
disrupting the aromaticity of the heterocycle. However, quantitative data concerning the
degree of aromatic stabilization energies (ASE) or resonance energies (RE) seem to vary in
the ranking of 5-membered aromatic heterocycles. In general, it appears that thiophene and
pyrrole are interchangeably ranked as the heterocycle with the greatest aromatic character;
whereas, furan possesses the least aromatic character. The ASE values for pyrrole, thiophene,
and furan are 20.57, 18.57, and 14.77 kcal/mol, respectively, indicating that pyrrole
possesses the greatest aromatic character.”> Conversely, the resonance energy for thiophene,
pyrrole and furan is 43.0, 34.8, and 27.2 kcal/mol, respectively.”” This illustrates the
variance in quantitatively describing the degree of aromaticity for common heteroaromatic
compounds. If the rate of Nazarov cyclization depended largely on the energy required in
interrupting aromaticity, than dienone 102 would be predicted to cyclize more readily than
the analogous thiophene derivative (84). Instead, subjection of dienone 102 to the conditions
optimized for the thiophene derivative causes significant protodesilylation, likely preventing

further reaction to the corresponding cyclopentanone.
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Table 4.7 Nazarov Cyclizations of Dienone (102)

o) o) o o
\O/ | equiv. TfOH \O/ | .\ \ /)
OEt DCE, temp., time, uW OEt o}
™S 8T s
(0] (0] S\)1\0Et
102 103 104
E-linear only deprotected

vinylogous thioester

Entry? Equivalents Temperature Time Conversion (%)
TfOH (°C) (h)
1 5 80 1 66 (103°:104 1:2)
2d 5 80 1 73 (103%:104 1:1)
3 25 80 1 22 (103°:104 8:1)
4 5 65 1 36 (103¢:104 3:1)
5 5 80 2 95 (103:104 2:1)
6 5 80 3 > 95 (103%:104 2.5:1)
7 5 85 1 90 (1039:104 1.5:1)
8 5 90 1 > 95 (103%:104 2.5:1)
9 25 110 1 32(103)2:1 E:Z
10 5 110 1 >95(103) 3:1 E:Z
11 1.2 130 0.25 >95(103) 2:1 E:Z
110 0.75

12 1 130 0.5 decomposition
13 1 180 2 decomposition

a2 0.2 mmol (0.2 M, 102), 1.0 mmol TfOH. b Based on TH NMR. ¢ 2:1 E:Z
d30 W fixed power. ¢6:1 E:Z. 1411 EEZ 93:1 EZ

The unexpected reactivity observed for benzothiophene dienone (99) led us to explore
the reactivity of the analogous benzofuran derivatives. The preparation of this compound was
accomplished in a similar manner, beginning with benzofuran-2-carboxylic acid. Treatment
of benzofuran-2-carboxylic acid with excess SOCI, in refluxing toluene provided the acid
chloride following evaporation of the volatiles. The Sonogashira-type cross-coupling
generated the ynone in-situ, which was reacted with ethylthioglycolate in the presence of

DBU.
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79% yield

(three steps)

Scheme 4.20

Similar to the benzothiophene example, a mixture of the expected dienone (105) and
a byproduct resembling the corresponding cyclopentanone were isolated in a combined yield
of 79%. The "H NMR spectra of the cyclopentanone byproduct for the benzothiophene and
benzofuran compounds are depicted in Figure 4.7. The *J coupling values for the methine
signal (A) were determined to be 8.2 and 4.4 Hz. The diastereotopic protons labeled (C)

possessed identical *J coupling values, along with a strong *J coupling (13.7 Hz).

11T ) M, Y U S V.| V. _Jl

50 a5 40 as 30 25 [pp=)

i
50 as 40 as 20 (pem)

Figure 4.10 Comparison of Dienone 105 to 99
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Subjection of dienone 105 to stoichiometric qunatities of TfOH seemed to lead only
to decomposition and not to an increase in the cyclopentanone product (Figure 4.7).
Additionally, treatment with TiCl,, BF;OEt, led to decomposition; whereas, AIEtCl,
appeared to generate the cyclopentanone in 14% conversion. The cyclization of the
benzannulated derivatives of dienone 84 and 102 likely require additional optimization as the
conditions screened thus far have either led to decomposition or recovery of unreacted
starting material. However, studies involving the benzothiophene dienone derived from
ynone (101) have revealed that the silyl-protected dienones appear to be more reactive,

despite the steric bulk of this group.

(@] O 0
Y Y/ °
/ Brgnsted or Lewis acid
4.10
™S DCE, rt,24 h e} ( )

S S
_>/~0Et \//<
o} OEt
geometry undetermined
105

Lewis acid: TfOH, TiCl,, BF;0Et,, AIEtCl,

Lastly, we decided to evaluate the 2-substituted pyrrole dienone (106) to establish
whether any trends exist between the various heteroaromatic species. As mentioned earlier,
the ranking of furan, thiophene, and pyrrole in terms of increasing aromatic character
suggests that the pyrrole derivatives should react more slowly relative to dienone 84.
However, thiophene and pyrrole are often interchangeably ranked as the heteroaromatic
compound possessing the greatest degree of aromatic character. Regardless, dienone 106 was
synthesized employing our one-pot methodology for the formation of vinylogous thioesters
(Eq. 4.11). To this end, N-methylpyrrole-2-carbonyl chloride underwent smooth coupling
with ethynyltrimethylsilane. The ynone was then intercepted with ethylthioglycolate
providing dienone 106 in quantitative yield with exclusive selectivity for the E-linear isomer,
as determined by a 2-D NOESY experiment. The correlation between the vinylic signal and
the pyrrole C-H resonances was also detected, suggesting that dienone 106 partially exists as

the S-shaped conformer at room temperature.
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\ 0 1) 2 mOl:/o Pcljo(/PcP:h?)zclz N
mo u *
N c *t =—TMs - \ | | « (4.11)
| NEts, THF, rt, 1 h OEt
\ . TMS™ s
2) DBU, HSCH,COOEt, 10 min. o
106

quantitative

(two steps)

E-linear only

Dienone 106 was then reacted with 5 equivalents of TfOH at 80 °C for 1 hour, under
microwave irradiation, yielding a mixture of cyclopentanones 107 and 108 in a 4:1 ratio
(95% conversion). The high conversion to cyclopentanones 107 and 108 suggests that the
pyrrole-substituted dienones are more reactive than the corresponding thiophene analogues
(Eq. 4.12). Additionally, the silane remains intact following cyclization, whereas the

thiophene substrates appeared to undergo protodesilylation.

|
| O N o | o

N
N 5 equiv. TFOH \_/ \ /
\ /] OEt DCE, 80 °C, 1 h, uW * (4.12)
™S 8T O ™S s \)i
o) }OEt S OEt

106 107 108
E-linear only

Encouraged by the reactivity of dienone 106 we elected to study a derivative that
proved relatively inert to the conditions optimized for dienone 84. The benzylthiol derivative
(109) was synthesized in 84% isolated yield as a 5:1 mixture of E:Z-linear isomers using our
one-pot procedure for the synthesis of vinylogous thioesters. The major isomer was
determined to be the E-linear based upon the observed correlation of the signals (*) in a 2-D
NOESY experiment. Similar to dienone 106, a correlation between the vinylic signal and the
pyrrole C-H resonance was identified, suggesting that 109 partially exists as the S-shaped
conformer at room temperature. The subjection of 109 to the optimized conditions for the
Nazarov cyclization led to consumption of starting material, generating a complex mixture.
Unfortunately, no cyclopentanone products correlating to 110 or 111 could be identified, as

with the formation of desilylated starting material.
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109 110 11
5:1 E:Z-linear
Scheme 4.21

4.3 Conclusions

The cyclization of vinylogous thioesters appears to depend largely on the substitution
about sulfur. A representation of a possible energy coordinate diagram is shown in Figure
4.11. The first intermediate during the Nazarov cyclization is the pentadienyl cation (A),
which forms readily with electron rich dienones such as the vinylogous thioesters examined.
The energetic barrier (B) in reaching the oxyallyl cation (C) is expected to be larger than
protonation of the ketone oxygen, as the aromaticity of the heterocycle is disrupted. The
barrier to cyclization (B) appears to be increased when the R-group bound to sulfur is
aliphatic. The electron releasing nature of the sulfide in these substrates should
correspondingly stabilize the pentadienyl cation (A); thereby, increasing the energy

necessary in reaching intermediate (C).
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Figure 4.11 Reaction Coordinate Diagram for Cyclization of Vinylogous Thioesters

Indeed, olefin isomerization appears to predominate when these substrates are treated
with Brgnsted acids. A notable exception is dienone 84, where the sulfur is a to the electron
withdrawing ethyl ester. The presence of this group may facilitate cyclization by
destabilizing the pentadienyl cation (A). The lower reactivity of dienone 91, in which the
sulfur is now P to the ethyl ester, lends support to this assumption. When the R-group is an
aryl substituent (phenyl, anisole) the electron releasing nature of the sulfide will be less than
that of the aliphatic derivatives. Therefore, the pentadienyl cation (A) will be less stable
relative to when R is an alkyl group. The barrier to cyclization (B) should then be lower for
substrates derived from aryl thiols. Unfortunately, the use of vinylogous thioesters of this
nature appeared to decompose during cyclization, or following the formation of the product
cyclopentanone via elimination of the free thiol. It seems that a fine balance exists regarding
the electronic contribution of the sulfide to the stability of the pentadienyl cation, where
electron withdrawing groups tend to favour cyclization from intermediate (A) to (C).
However, the particular electron withdrawing group employed must not facilitate elimination
of the sulfide following cyclization. Thus far, the use of ethylthioglycolate substituted
vinylogous thioesters 84, 98,99, 102, 105 and 106 appear to satisfy this criteria.

The aromaticity of the heterocycle appended to the dienone will also affect the
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energetic barrier for the formation of the oxyallyl cation (C). The use of thiophene (84, 98),
furan (102) and pyrrole (106) substituted dienones illustrated that the pyrrole and thiophene
substrates undergo cyclization most readily; whereas, furan is much less reactive under the
optimized conditions. Benzannulated derivatives of the thiophene (99) and furan (105)
derivatives appeared to undergo cyclization during the preparation of these substrates. An
alternative route to 99 was explored in order to assess whether trace acid, or an electrophilic
palladium or copper species, was responsible for the observed reactivity. A Weinreb ketone
synthesis facilitated the formation of the desilylated derivative of 99, which failed to cyclize
under a variety of conditions. Therefore, the trimethylsilane may greatly aid in the formation
of the oxyallyl cation intermediate. However, isolation and reaction of the silylated dienones
99 and 105 with various Brgnsted and Lewis acids failed to provide the desired
cyclopentanones, primarily leading to decomposition instead. Further optimization of these

systems is necessary, as well as an investigation of the indole analogoue of dienone 106.
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Figure 4.12 Reactivity of Various Heteroaromatic Vinylogous Thioesters

The formation of 3-substituted cyclopentanones from the 2-substituted dienones, and
vice-versa, was unexpected. The observation of similar rearrangements during the
intramolecular Friedel-Craft acylations of heteroaromatic propionic acids suggests that a
similar spirocyclic intermediate is operable in our systems.’"” Additionally, the mechanism
speculated for rearrangement suggests that an intramolecular Friedel-Crafts acylation
pathway may compete with the Nazarov cyclization for the dienones investigated in this

thesis. The competition between Nazarov and intramolecular Friedel-Crafts cyclizations has
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been previously suggested with similar heteroaromatic containing dienones that lack sulfur-
substitution.”"” ** Exploring the mechanism behind the rearrangements observed in our
system will ideally shed light on the determinants for whether the Friedel-Crafts process or

Nazarov cyclization occurs.

4.4 Experimental
4.4.1 General Procedures

Manipulation of organometallic compounds was performed using standard Schlenk
techniques under an atmosphere of dry nitrogen or in a nitrogen-filled Vacuum Atmospheres
drybox (O, < 2 ppm). NMR spectra were recorded on Bruker Avance 300 or Bruker Avance
400 spectrometers. 'H and *C NMR spectra are reported in parts per million and were
referenced to residual solvent: CD,CN = 1.94 'H NMR, 118.26 for "C NMR, for CDCI, =
7.26 'H NMR, 77.0 for "C NMR, for CD,Cl, = 5.32 for '"H NMR, 53.8 for "C NMR.
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, br =
broad signal, dd = doublet of doublets, dt = doublet of triplets, td = triplet of doublets, AB t =
second-order triplet, AB dd = second order doublet of doublets, AB q = second order quartet.
The chemical shift value for second order quartets (AB q) were reported based upon the
solution to the equation (1-3) = (2-4) = [(Av)* + J*]"* where J = coupling constant (Hz) and
Av = chemical shift difference (Hz) = unknown value, and (1-3) or (2-4) represents left to
right numbering of the individual peaks related to the multiplet (Hz). The value for Av was
then subtracted or added to the middle of the coupling pattern and converted to ppm based
upon spectrometer frequency. All spectra were obtained at 25 'C. Mass spectra were

recorded on a Kratos MS-50 mass spectrometer.

4.4.2 Materials and Methods

THF, CH,Cl,, and toluene were dried by passage through solvent purification
columns.”’ Acetonitrile was distilled over CaH, prior to use, or purchased from Aldrich as
anhydrous grade and stored in a Sure Seal bottle. 1,2-Dichloroethane and CDCl; were
distilled over P,O5 and degassed prior to use. Unless specifically mentioned, all organic

reagents were obtained from commercial sources and used without further purification.
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Transition metal reagents such as Pd(PPh;),Cl, and Cul were purchased from Strem

Chemicals and taken directly into an inert atmosphere glovebox without further purification.

4.4.3 General Experimental Procedures

Dienone Synthesis

In an inert atmosphere glovebox, Pd(PPh;),Cl, (82.6 mg, 0.12 mmol) was added to a
round bottom flask equipped with a magnetic stir bar. To this was added Cul (43.4 mg, 0.23
mmol), the flask was then sealed with a serum cap and removed from the glovebox. Under a
dynamic flow of N,, 30 mL of THF was added and the solution was vigorously sparged for 5
minutes. To the pale yellow heterogenous mixture was added NEt; (0.82 mL, 5.9 mmol).
Following addition of NEt; the solution became homogenous and turned a dark red colour.
To this was then added the acyl halide (5.9 mmol), which was typically accompanied by the
evolution of gas (HCI), and a colour change to a light orange. Lastly, the
ethynyltrimethylsilane (5.9 mmol) was added causing the solution to turn a black-grey
colour. The mixture was then stirred for 1 hour, where the colour would sometimes return to
a light orange-red, and the appearance of [HNEt,]*Cl” or a separate precipitate was evident.
The ynone formed during this process was carried directly to the next step without further
purification. Therefore, DBU (0.93 mL, 6.2 mmol) was added causing the precipitation of
various amine salts, and was followed by the addition of the thiol (6.2 mmol). A TLC was
taken immediately following addition of thiol and was compared to an aliquot of the mixture
prior to the Michael addition step. Consumption of the alkyne typically occurred
immediately; otherwise, the mixture was stirred overnight. Once the reaction was judged to
be complete, the mixture was concentrated in-vacuo and purified by column chromatography
using gradient elution. This involved an initial eluent of 9:1 hexanes:ethyl acetate and ended
with 4:1 or 3:1 hexanes:ethyl acetate. The 3-substituted dienones sometimes require pre-
treatment of the SiO, gel with a 10% solution of NEt; in hexanes or 9:1 hexanes:ethyl

acetate, in order to prevent protodesilylation during chromatography.
Nazarov Cyclization
To a standard 2-5 mL microwave vial equipped with a magnetic stir bar (purchased

from Biotage) was added (0.62 mmol) dienone (weighed by difference). To this was added
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3.1 mL of 1,2-Dichloroethane. The microwave vial was then mechanically sealed with a cap
(purchased from biotage) and stirred under N,. To the solution was added TfOH (3.1 mmol),
which was accompanied by a colour change from a yellow-orange solution to a dark red. The
tube was then placed within a Biotage Initiator 2.0 single cavity microwave reactor and
heated to 80 °C with a maximum power output of 400 W. The solution was programmed for
a stir period of 1 hour. The microwave vial was then mechanically opened and the reaction
quenched with saturated Na,CO; (5 mL). The aqueous layer was then back extracted with
CH,Cl, (3 x 10 mL). The combined organic layers were then washed with successively with
Na,CO; (10 mL), distilled H,O (10 mL), and brine (10 mL). The organic layer was then dried
over Na,SO,, filtered and concentrated in-vacuo. The crude mixture was then purified by
column chromatography using gradient elution. This involved an initial eluent of 9:1
hexanes:ethyl acetate and ended with 4:1 or 2:1 hexanes:ethyl acetate. When conversion is
reported, the crude mixture was simply dried further by high vacuum, taken up in CD;CN

and the reaction progress evaluated by 'H NMR.

4.4.4 Analytical Data for Dienones and Cyclopentanones

(0]
o 1) 2 mol% Pd(PPhs),Cl,
s F = TMS 4 mol% Cul ] |
Cye T T NEt,, THF, it, 1 h \ s g, -OFt
2) DBU, HSCH,COOEt, 2 h /\[C])/
84
93% yield
14:1 E:Z-linear

Dienone 84, 14:1 mixture of E:Z-linear isomers. 'H NMR (CD,CN, 400 MHz,
01.94):87.85(d,1H,J=39Hz),7.77 (d, 1H,J=3.9 Hz), 7.22 - 7.20 (m, 2H), 4.19 (q, 2H,
J=7.1Hz),3.85 (s, 0.14H, Z-linear isomer), 3.82 (s, 2H), 1.23 (t, 3H, J = 7.1Hz), 0.29 (s,
9H). "C {'"H} NMR (d;-acetonitrile, 100MHz, 298K): 6 179.9, 169.5, 165.8, 146.7, 134.9,
1329, 129.6, 124.4, 62.7, 35.8, 14.5, -0.3. HRMS (ESI) m/z calcd for C,,H,,0;NaSiS,:
351.0521 (M+Na)*; found: 351.0527. As B and D overlap with one another, it is difficult to
distinguish whether 84 partially exists as the S-shaped conformer. The spectrum depicted
below has 84 represented as the S-shaped conformer simply for ease in visualizing the

correlations indicated.

144



P
B&D '“:JI)C e Jo ©
>
A '
Al 1 A J
£
E — ' <+ =
I v .
B&D — -
Cc - )
B U L T AR 750
2D-NOESY
0
% S
S/ | 5 equiv. TFOH N\
\
VS S/Yoa DCE, rt, 16 h X
o) )oa
86
50% yield

Cyclopentanone 86. 'H NMR (CD,CN, 400 MHz, § 1.94): 6 8.07 (d, 1H, J = 4.9 Hz),
721 (d,1H,J=49Hz),4.61 -459 (ABdd, 1H,J=6.7,2.1 Hz),4.10 (q, 2H, J = 7.1 Hz),
347 -342 (ABdd, 1H,J=18.8,6.7 Hz), 3.32 -3.28 (AB q,2H,J=15.1 Hz),2.96 - 291
(AB dd, 1H, J = 18.8, 2.1 Hz), 1.22 (t, 3H, J = 7.1 Hz). "C {'"H} NMR (d,-acetonitrile,
100MHz, 298K): & 194.7, 171.0 (two signals), 168.6, 142.3, 125.0, 118.3, 62.2, 50.9, 39.9,
33.5,14.4. HRMS (ESI) m/z calcd for C,;H,,0;NaS,: 279.0126 (M+Na)"; found: 279.0124.
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S P Oet
Q | l 20 equiv. TfOH \S | 0
H5CN, rt, 3 h
™S S/\”/OEt CH3CN, rt, 3

0 o}
88
28% yield

Cyclopentanone 88. '"H NMR (CD,CN, 400 MHz, 6 1.94):  7.57 (dd, 1H,J=5.1,0.7
Hz),7.09 (d, 1H,J=5.1 Hz),4.79 -4.78 (AB dd, 1H,J=6.7,2.2 Hz),4.13 (q,2H,J = 7.1
Hz),3.47 -3.42 (AB dd, 1H, J = 18.8, 6.8 Hz), 3.37 -3.33 (AB q, 2H, J = 15.1 Hz), 2.93
-2.89 (ABdd, 1H,J =18.8,2.3 Hz), 1.23 (t,3H,J = 7.1 Hz). °C {'"H} NMR (d;-acetonitrile,
100MHz, 298K): 6 195.5, 1714 (two signals), 148.1, 134.9, 120.2, 62.8, 51.7, 40.9, 34.2,
14.8. HRMS (ESI) m/z calcd for C,;H,;0,S,: 257.0306 (M+H)"; found: 257.0308. Summary
of the 2-D NMR data obtained for the cyclopentanone product formed during cyclization in
CH,CN.

0 S\9
o}
\Sl | 20 equiv. TfOH s 4 =T
CHLCN, 1, 3 h 18| 6
™S S/\ﬂ/OEt 3 2\ 35
o} e}
84 88
28% yield
Carbon | C-1 c-2 c-3 c-4 C-5 c-6 c-7 c-8 c9 | c10 | c-11
Proton| (ppm) | 134.9 | 120.2 | 1481 | 171.3 | 195.2 | 51.7 | 409 | 342 | 1714 | 62.8 | 14.8
H-1 7.57 |bonded el § §
H-2 7.09 o |bonded| « B
H-6 3.44 B o bonded o
2.91 B a a
H-7 478 B a o |bonded| B
H-8 3.35 B |bonded| o
H-10 | 4.13 p |bonded| «
H-11 1.23 a  |bonded

a Recorded at 400 MHz. ° Assignments based on COSY, HSQC and HMBC. © a. refers to 2J coupling, f refers to 3J
coupling, bonded refers to 'J coupling based upon HSQC assignments.
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o 1) 2 mol% Pd(PPh3),Cl, o}
s ¢ — TS 4 mol% Cul S
T cl = NEt;, THF, 1t, 1 h \ | |
2) DBU, BnSH, 10 min. T™MS” ™S > Ph
920
95% yield
6:1 E:Z-linear

Dienone 90, 6:1 mixture of E:Z-linear isomers. 'H NMR (CD,CN, 400 MHz, § 1.94):
67.77-7.76 (ABdd, 1H,J=39,10Hz),7.75-7.74 (AB dd, 1H,4.9, 1.0 Hz), 7.46 - 7.29
(m, 6H),7.22 (s, 1H),7.19 - 7.17 (AB dd, 1H, J=4.9,3.9 Hz),4.23 (s, 2H), 4.22 (s, 0.3H Z-
linear isomer), 0.42 (s, 1.5 H, Z-linear isomer), 0.27 (s, 9H). "C {'"H} NMR (d.-acetonitrile,
100MHz, 298K): & 179.8, 168.1, 146.8, 136.6, 134.6, 134.5, 132.7, 132.3, 130.2, 130.0,
129.8, 129.6, 129.5 (two peaks), 128.5, 128.4, 125.7, 124.0, 39.6, 38.1, 0.5, -0.2. HRMS
(ESI) m/z calcd for C,;H,,0SiS,: 333.0803 (M+H)"; found: 333.0811.

A . ﬁx{\‘ B
o I s
l_j” TMS S Ph JA L
yo
B — - -
|
2D-NOESY
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o 1) 2 mol% Pd(PPh3),Cl, O
4 mol% Cul S

S + = >
Cy e T = ™S NEty, THF, 1t, 1 h N /\j)\
2) DBU, HSCsHgO,, 16 h TMS™ *S OEt
91
79% yield
5:1 mixture

Dienone 91, 5:1 mixture of E:Z-linear isomers. 'H NMR (CD;CN, 400 MHz, & 1.94):
07.88-787(ABdd, 1H,J=3.8,10Hz),7.76 - 7.75 (AB dd, 1H,5.0, 1.0 Hz),7.21 - 7.19
(ABdd, 1H,J=5.0,3.8),7.14 (s, 1H),4.14 (q,2H,J=7.1 Hz),3.22 (t,2H,J=7.2 Hz), 2.71
(t,2H,J=72Hz),2.57 (t,044H, J = 7.2 Hz, Z-linear isomer), 1.23 (t,3H,J = 7.1 Hz), 0.38
(s, 1.8H, Z-linear isomer), 0.27 (s, 9H). *C {'H} NMR (d,-acetonitrile, 100MHz, 298K): &
1799, 1723, 1674, 1469, 134.6, 1345, 132.8, 132.3, 129.5 (two signals), 126.2, 123.5,
61.6,61.5,34.7,329, 298, 279, 14.5 (two signals), 0.5, —0.2. HRMS (ESI) m/z calcd for
C,sH,,0;NaSiS,: 365.0677 (M+Na)*; found: 365.0678.

o 1) 2 mol% Pd(PPh3),Cl, 0
s b — TS 4 mol% Cul S
Y cl = NEts, THF, rt, 1 h \ | |
2) DBU, HSPh, 5 min. TMS™ “SPh
92
95% yield
only E-linear

Dienone 92, only E-linear isomer. 'H NMR (CD,CN, 300 MHz, & 1.94): & 7.65
-7.64 (AB dd, 1H,J =50, 1.1 Hz), 7.57 - 7.52 (m, 5H), 7.21 - 7.20 (AB dd, 1H, J = 3.8,
1.1 Hz), 7.04 - 7.03 (AB dd, 1H, J = 5.0, 3.8 Hz), 6.60 (s, 1H), 0.35 (s, 9H). °C {'"H} NMR
(d;-acetonitrile, 75MHz, 298K): & 179.8, 169.2, 146.5, 136.2, 134.6, 132.2, 131.2, 131.1,
129.5, 1254, -0.3. HRMS (ESI) m/z calcd for C,;H,,0SiS,: 319.0647 (M+H)"; found:
319.0648.
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2D-NOESY
o 1) 2 mol% Pd(PPhs),Cl, o)
0,
s F —TMS 4 mol% Cul S CHj,
W Cl NEts, THF, rt, 1 h \ |
2) DBU, HSC7H7, 10 min. ™S s
93
95% yield
only E-linear

Dienone 93, only E-linear isomer. 'H NMR (CD,CN, 400 MHz, & 1.94): §7.66
-7.65(ABdd, 1H,/=5.0,1.0Hz),7.40 - 738 (AB q,4H,J=8.5Hz),7.23 - 7.22 (AB dd,
1H,J=3.8,1.0 Hz),7.06 - 7.05 (AB dd, 1H,J=5.0, 3.8 Hz), 6.6 (s, 1H),2.42 (s, 3H), 0.34
(s, 9H). °C {'H} NMR (d;-acetonitrile, I00MHz, 298K): & 179.8, 169.7, 146.6, 141.6, 136.1,

134.5,132.2,1319,129.5,127.6,125.2,21.4,-0.3. HRMS (ESI) m/z calcd for C;;H,,0SiS,:
333.0803 (M+H)"; found: 333.0805.
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o 1) 2 mol% Pd(PPhs),Cl, o)
4 mol% Cul
S c * =—TMs : s OMe
9 NEts, THF, 1t, 1 h \ |
2) DBU, HSC,H-0, 16 h TMS™ °S
94
95% yield
10:1 mixture

Dienone 94, 10:1 mixture of E:Z-linear isomers. 'H NMR (CD,CN, 400 MHz,
01.94):87.67-7.66 (ABdd, 1H,J=5.0,1.1 Hz),7.43 (d, 2H, 8.9 Hz), 7.26 - 7.25 (AB dd,
1H,J=3.8,1.1 Hz),7.10 (d,2H, J = 8.9 Hz), 7.07 - 7.06 (AB dd, 1H,J = 5.0, 3.8 Hz), 6.61
(s, 1H), 3.86 (s, 3H), 3.84 (s, 0.33H, other olefin isomer), 0.34 (s, 9H), 0.01 (s, 0.51H, other

olefin isomer).

o 1) 2 mol% Pd(PPh3),Cl, (0]
0,
s + —=_TMS 4 mol% Cul _ S Br
T cl NEts, THF, 1t, 1 h \
2) DBU, HSCgH4Br, 16 h TMS S
95
72% vyield
one isomer

Dienone 95, only one olefin isomer, geometry not determined. 'H NMR (CD,CN, 400
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MHz, 8 1.94): 6 7.71 (d, 2H, J = 8.6 Hz), 7.69 - 7.68 (AB dd, 1H,J =5.0, 1.1 Hz), 7.44 (d,
2H,J=8.6Hz), 732 -7.31 (ABdd, 1H,/=3.8, 1.1 Hz),7.09 -7.07 (AB dd, 1H,J =50,

3.8 Hz),6.64 (s, 1H),0.34 (s, 9H).

s s
QO 1) SOCly, 66 °C 8 TMS
=
OH  2) 2 mol% Pd(PPhs),Cl,
o) 4 mol% Cul o
NEts, THF, rt, 1 h 97
=—TMS 91% yield

Alkyne 97. In a flame dried round bottom equipped with a magnetic stir bar and a
drying tube was added the above carboxylic acid (1.763 g, 13.8 mmol). To this was added
SOCl, (6 mL, 82.5 mmol, 6 equiv.) and the mixture refluxed for 1 hour. The mixture
appeared to become homogenous and was subsequently concentrated by high vacuum. The
low melting solid was then purified by kugelrohr distillation, and subjected to the general
conditions for the Sonogashira-type cross-coupling, providing the ynone in 91% yield,
following chromatography. 'H NMR (CD,CN, 400 MHz, § 1.94): § 8.41 — 8.40 (AB dd, 1H,
J=29,12Hz),7.56 -7.54 (AB dd, 1H,J=5.1,12Hz),749 - 748 (AB dd, 1H,J=5.1,
2.9 Hz),0.30 (s, 9H).

s 1) 2 mol% Pd(PPha),Cly S_TMS S\/[(Z
N\ | - 4 mol% Cul | OEt
Ccl + =—TMS \ |
THF, NEts, rt, 1 h
o} 2) DBU, HSCH,COOEY, 16 h 5
98
53% yield
only E-linear

Dienone 98, only E-linear isomer. 'H NMR (CD,CN, 400 MHz, & 1.94): 8.23
-822(ABdd, 1H,J=238,12Hz),7.57 -7.56 (AB dd, 1H,,J=5.1,1.2 Hz), 747 - 7.46
(AB dd, 1H, , J = 5.1, 2.8 Hz), 7.21 (s, 1H), 4.19 (q, 2H, J = 7.1 Hz), 3.82 (s, 2H), 1.22 (t,
3H,,J =7.1 Hz), 0.29 (s, 9H). "C {'H} NMR (d;-acetonitrile, 100MHz, 298K): & 181.3,
169.6, 165.2, 144.1, 133.2, 128.1, 128.0, 125.7, 62.6, 35.7, 14.4, -0.3. HRMS (ESI) m/z
calcd for C,,H,,0,S,Si: 329.0701 (M+H)"; found: 329.0706.
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1) 6 equiv. SOCl,
toluene, reflux, 1 h S O

2) 2 mol% Pd(PPhs),Cl, /
[IS)_/(O 4 mol% Cul S /
Y
oH NEts, THF, 1 h S
= TMS »oa
o}
99

3) HSCH,COOEt, DBU
THF, 16 h

60% yield

Dienone 99, mixture of olefin isomers, contaminated with small amount of the
corresponding cyclopentanone. The acyl halide was prepared in a similar manner to the
procedure described for the preparation of alkyne 97. As the carboxylic acid was insoluble in
neat SOCl,, toluene was added and the mixture heated to reflux for 1 hour. The crude acyl
halide was concentrated by high vacuum, rinsed with anhydrous THF and concentrated
several more times prior to the one-pot cross-coupling Michael addition sequence. 'H NMR
(CD,CN, 400 MHz, 6 1.94): 8 8.17 (s, 1H), 8.00 (m, 2H), 7.57 - 7.45 (m, 3H), 7.34 (s, 1H),
4.22 (q,3H,J="7.1 Hz), 3.88 (s, 5H), 1.26 (t,3H,J = 7.1 Hz), 0.32 (s, 9H).
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0
s O 1) 6 equiv. SOCI, @:S)_/(
/ toluene, reflux, 2 h / N-OMe
2) CH3NH,(OMe)*CI- /

DIPEA, CH,Cl,, 16 h 100

92% yield

Weinreb amide 100. In a flame dried round bottom equipped with a magnetic stir bar
and a serum cap was added the carboxylic acid (0.5021 g, 2.8 mmol) in 2 mL of toluene. To
this was added SOCI, (1.2 mL, 16.5 mmol, 6 equiv.) and the mixture refluxed for 2 hours.
The mixture was then concentrated by high vacuum and the crude acyl halide rinsed with
anhydrous CH,Cl, and concentrated again. The crude acyl halide was dissolved in 14 mL of
DCM and the amine salt (0.4408 g, 4.5 mmol, 1.5 equiv.) added in one portion. To this was
added diisopropylethylamine (1.5 mL, 8.6 mmol, 2.8 equiv.) and the mixture stirred at room
temperature overnight. The mixture was then poured into 0.5 M HCI and the aqueous layer
extracted with DCM (3 x 10 mL). The combined organic layers were then washed with 0.5 M
NaOH (10 mL) and brined (10 mL). The organic layers were then dried over Na,SO,, filtered
and concentrated in-vacuo providing 100 in 92% yield. 'H NMR (CD;CN, 400 MHz, 8 1.94):
8 8.17 (s, 1H), 7.97 - 7.92 (m, 2H), 7.51 - 7.41 (m, 2H), 3.82 (s, 3H), 3.35 (s, 3H).

S P TMS—1Li S. O
/ N-OM ° /
/ e THF, -78 ‘Cto rt \\

100 101
82% yield

Ynone 101. To a flame dried round bottom equipped with a magnetic stir bar and a
serum cap was added ethynyltrimethylsilane (0.44 mL, 3.1 mmol) in 10 mL of THF. The
flask was cooled to —78 °C and n-buLi added (2.3 mL, 1.35 M in hexanes, 1.0 equiv.) over a
period of 2 minutes. The solution of n-buLi was titrated against N-benzylbenzamide prior to
use.”' The flask was allowed to warm to room temperature and then cooled back to -78 °C.
In a separate flame dried round bottom, weinred amide 100 was dissolved in 5 mL of THF.
The solution of lithium trimethylsilylacetylide was then transferred by cannula to the solution
of 100, which was cooled to -78 °C. The flask formerly containing lithium
trimethylsilylacetylide was rinsed twice with THF (2 mL portions). The mixture was allowed
to warm to room temperature and quenched with 0.5 M HCI (10 mL), which turned the red

solution a yellow colour upon shaking within a separatory funnel. The aqueous layer was
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extracted with diethyl ether (3 x 10 mL) and the combined organic layers washed with 0.5 M
NaOH (10 mL) and brine (10 mL). The organic layer was then dried over Na,SO,, filtered
and concentrated in-vacuo, providing ynone 101 in 82% yield. 'H NMR (CD,CN, 400 MHz,
0 1.94): 6 8.38 (br s, 1H), 8.05 (d, 1H, J = 8.3 Hz), 798 (d, 1H, J = 8.0 Hz), 7.58 — 7.50 (td,
2H,J=8.3,8.0, 13 Hz),3.97 (s, 1H).

e}
o) 1) 2mol% Pd(PPh3),Cl,
o y —_TMS 4 mol% Cul ] |
Cre T T NEts, THF, rt, 1 h \ TS~ -OFt
2) DBU, HSCH,COOEt, 16 h /\[C])/
102
90% yield
E-linear only

Dienone 96, only E-linear isomer. 'H NMR (CD,CN, 400 MHz, & 1.94): §7.73
-7.72 (AB dd, 1H, J=1.7,0.6 Hz), 7.30 - 7.29 (AB dd, 1H, J = 3.6, 0.6 Hz), 7.11 (s, 1H),
6.64 - 6.63 (AB dd, 1H,J=3.6,1.7 Hz),4.19 (q,2H, J = 7.1 Hz), 3.80 (s, 2H), 1.24 (t,3H,J
= 7.1 Hz), 0.29 (s, 9H). °C {'H} NMR (d;-acetonitrile, 100MHz, 298K): & 175.4, 1694,
165.7, 148.1, 1429, 124.1, 1134, 62.6, 35.8, 144, -0.3. HRMS (ESI) m/z calcd for
C,,H,,0,NaSiS: 335.0749 (M+Na)"; found: 335.0745.

.............

2D-NOESY
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1) 6 equiv. SOClI,
toluene, reflux, 1 h o) 0

2) 2 mol% Pd(PPhs),Cl, /
Ejio)_/{O 4 mol% Cul s
Y
oH NEts, THF, 1 h s
=—TMS ‘>*0Et
3) HSCH,COOEt, DBU o)

THF, 16 h 105
79% yield

Dienone 105, mixture of isomers, contaminated with the corresponding
cyclopentanone. The preparation of 105 was analogous to that described for the
benzothiophene analogue. 'H NMR (CD,CN, 400 MHz, § 1.94): 8 7.80 (d, 0.5H, J = 7.6 Hz),
7.69 - 7.60 (m,2.4H),7.55 - 7.52 (m, 1.9H), 7.38 - 7.26 (m, 3.8H), 7.07 (d, 1H, J = 0.8 Hz),
6.82 (d,0.2H,J=0.8 Hz),4.96 - 494 (AB dd, 0.9H, J = 8.2, 4.5 Hz, cyclopentanone), 4.60
(s,09H),4.25 - 4.12 (m, 5.7H), 4.06 (q, 1.0H, J = 7.2 Hz), 3.86 (s, 0.8H), 3.36 — 3.32 (AB
q, 1.9H, J = 15.1 Hz, cyclopentanone), 3.18 — 3.15 (AB dd, 09H, J = 13.7, 8.2 Hz), 2.95
-292 (AB dd, O09H, J = 13.7, 4.3 Hz, cyclopentanone), 1.28 — 1.19 (m, 9.7H), 0.32 (s,
3.5H),-0.07 (s, 10.1H).

o 1) 2 mol% Pd(PPhs),Cl, 9
y . 4 mol% Cul N 7
L Cl = ™S NEts, THF, rt, 1 h \ ™S S/YOEt
2) DBU, HSCH,COOEt, 10 min.

106
quantitative
E-linear only

Dienone 106, only E-linear isomer. 'H NMR (CD;CN, 400 MHz, 8 1.94): § 7.12 (s,
1H), 7.05 - 7.04 (AB dd, 1H, J=4.1, 1.6 Hz), 6.94 (AB t, 1H, J = 1.8-2.1 Hz), 6.16 - 6.15
(AB dd, 1H,J=4.1,2.6 Hz),4.18 (q, 2H, J = 7.2 Hz), 391 (s, 3H), 3.75 (s, 2H), 1.23 (t, 3H,
J =72 Hz),0.28 (s, 9H). "C {'H} NMR (d;-acetonitrile, 100MHz, 298K): 6 178.4, 169.8,
160.3, 132.6, 132.5, 1270, 119.7, 108.9, 62.6, 37.9, 35.5, 14.4,0.1. HRMS (ESI) m/z calcd
for C,sH,;NO,SSi: 326.1246 (M+H)"; found: 326.1236.
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o 1) 2 mol% Pd(PPh3),Cl, \©
y . — s 4 mol% Cul N
I c - = NEt;, THF, 1t, 1 h \ |
2) DBU, HSBn, 10 min. ™S s >Ph
109
84% yield
5:1 E:Z-linear

Dienone 109, 5:1 mixture of E:Z-linear isomers. 'H NMR (CD,CN, 400 MHz,
01.94): 8 7.45 - 7.27 (m, 7H), 7.12 (s, 1H), 7.10 (s, 0.2H, Z-linear isomer), 6.94 — 6.89 (m,
2H), 6.12 - 6.11 (AB dd, 1H, J =4.1, 2.5 Hz), 4.17 (s, 2H), 4.16 (s, 0.5H, Z-linear isomer),
3.90 (s, 0.9H, Z-linear isomer), 3.89 (s, 3H), 0.39 (s, 2H, Z-linear isomer), 0.27 (s, 9H). "“C
{'"H} NMR (d;-acetonitrile, 100MHz, 298K): 6 178.5, 162.6, 137.0, 132.5, 132.3, 132.1,
130.1,1299, 129.7, 129.5, 128.6, 128 4, 128.2, 126.6, 119.3, 118.9, 108.8, 108.7, 394, 379,
37.8, 0.5, 0.18. HRMS (ESI) m/z calcd for C,;H,;NOSSi: 330.1348 (M+H)"; found:
330.1348.
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Chapter 5 Development of Novel Scorpionate-Type Proligands

Our interest in the Nazarov cyclization of P-heteroatom substituted dienones
prompted us to explore the development of transition metal complexes capable of catalyzing
this transformation. In particular, we were interested in designing asymmetric metal
complexes in an attempt to render the 4m electrocyclization enantioselective. The term
torquoselective describes the bias of rotation about the m-bonds in forming enantiomerically
enriched cyclopentenones.” **7 As the Nazarov cyclization is conrotatory in nature, the
aforementioned rotational bias is either clockwise or counterclockwise about the termini
involved in the formation of the o-bond. The lack of chelating functionalities in electrocyclic
processes has largely precluded the development of asymmetric variants involving the use of
chiral Lewis or Brgnsted acids. Gratifyingly, dienones are capable of binding these species to
variable extents, allowing for asymmetric induction with the use of appropriate chiral
reagents. This chapter serves to illustrate our development of novel scorpionate-type
proligands that we hope to apply to catalytic asymmetric Nazarov cyclizations and other
transformations, including olefin aziridination. Few examples of asymmetric Nazarov
cyclizations and olefin aziridinations are known in the literature, and are restricted to select
substrates. A common theme present in these reports is the use of bisoxazoline ligands in
conjunction with scandium or copper (II) salts. The following chapter details the design,
synthesis and evaluation of novel bisoxazoline proligands and how scorpionate-type
analogues may allow for novel reactivity in processes such as the Nazarov cyclization and

olefin aziridination.

5.1 Catalytic Asymmetric Nazarov Cyclizations and Olefin Aziridinations

The first example of a catalytic asymmetric Nazarov cyclization was reported by
Aggarwal, followed shortly thereafter by Trauner.”” ** These reports detailed the use of
bidentate and tridentate bisoxazoline complexes containing scandium or copper (II). The use
of copper (II) salts was normally accompanied with silver hexafluoroantimonate, presumably
to generate cationic complexes by halide abstraction.”™ Of the substrates examined, dienones
containing Lewis basic functionalities were required for bidentate coordination of the

bisoxazoline complexes. The substrates investigated by Aggarwal contained a-esters and o-
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amides, while Trauner utilized 2-oxo-substituted dienones capable of binding to the Lewis
acidic catalysts. The enantioselectivities obtained in these methods widely varied depending
on the alkyl or aryl substituents on the dienone (Scheme 5.1). Additionally, the use of
bidentate ligands of the type (112) typically required the use of stoichiometric quantities of
an in-situ generated copper (II) catalyst.””® Trauner demonstrated that the use of indanyl
pybox ligands could provide greater than 90% enantiomeric excesses for substrates with
bulky alkyl groups adjacent to the ketone. Furthermore, scandium complex 113 proved
capable of catalyzing the Nazarov cyclization at relatively low loadings of 10 mol% at room
temperature or 0 °C.”* As only select substrates were examined, the development of Lewis
acid catalysts capable of asymmetric Nazarov cyclizations across a broad range of dienones

has still not been accomplished.

@% & 3%

O O 100 mol% CuBr, 0 o
Ph 100 mol% (112) Ph W
NEt, > "~ UNEt
| AgSbFg, CH,Cly, rt 2
Ph Ph PH Ph
Aggarwal 80% yield
88% ee
o} 0
o 10 mol% 113 o
| | MeCN, 3A M.S,, rt | <
Trauner 94% yield
97% ee
R = Ph, t-Bu, Bn

M.S. = molecular sieves

Scheme 5.1

A similar scenario exists for the catalytic asymmetric aziridination of olefins, where
bisoxazoline ligands of the type (113) are effective for activated alkenes.”** In addition to
these bisoxazoline scaffolds, Jacobsen reported the use of salen-type proligands (114) that

demonstrate equal effectiveness for chromenes.” However, these complexes are not
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effective in generating similar reactivity and enantioselectivities for unactivated olefins, such
as cyclooctene. To this end, Trofimenko and Perez have developed copper-homoscorpionate
complexes (115), which demonstrate considerable reactivity with unactivated olefins (Figure
5.1).”* The scorpionate ligands used were similar to the trispyrazolylborates that we
demonstrated as effective in the catalytic synthesis of branched vinyl sulfides, discussed in
chapters 2 and 3. However, as these ligands are not asymmetric, only racemic mixtures of the

corresponding aziridines are obtained.

Br

>IBr
N\
Br \
07><(O H'QH HB@ Br
! \J cl —N  N= cl N<\>—Br
N N
R R ¢ cl N-N
Br/%/‘\
Br

R =Ph, t-Bu, Bn
Br
112 114 115
Evans Jacobsen Perez
CO,Ph NC A O @
Ph 0
> 95% 91%
97% ee >98% ee yield yield

Figure 5.1 Proligands for Asymmetric Aziridination

Given our success in the use of rhodium (I) scorpionate complexes (RhTp*(PPh;), in
catalytic alkyne hydrothiolation, we became interested in synthesizing chiral analogues of
this ligand class. Scorpionate ligands where the pyrazolyl heterocycles are substituted by
bisoxazolines have been prepared previously, but use of these proligands in asymmetric
transformations is notably absent.””*’ The use of chiral pyrazolylborates proligands is also
known; however, complexes of these compounds place the chiral information at appreciable
distances from the metal center.” This is opposite for bisoxazoline proligands, where the
chiral information is proximal to the metal center and can lead to high enantiomeric excesses,
dependent on substrate binding. Indeed, the use of enantiopure pyrazolylborates in copper-
catalyzed cyclopropanations have shown lower enantiomeric excesses in comparison to the
Evans bisoxazoline copper complexes. With this in mind, we decided to explore bisoxazoline
proligands with various appendages (scorpionate tails) capable of tridentate binding. These

so-called sidearm-substituted bisoxazolines should be capable of flexible tridentate
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binding.*?* Additionally, the use of anionic “tails” may effectively mimic the electron rich
properties of the pyrazolylborates, thus allowing for the stabilization of high oxidation state
transition metals. This chapter details our synthesis of various sidearm-substituted

bisoxazolines and preliminary results concerning the coordination chemistry of these

proligands.
X
© ©
J-,,B/N‘;j 0 0] °
N
N ov><(o 0 o) o 0
N o) &/ \ &/ \
Q ‘\N N N— —N N \—N N
R R Ph Ph  Ph Ph
R = Ph, t-Bu, Bn
chiral . . sidearm substituted
bisoxazoline . .
pyrazolylborate bisoxazolines

Figure 5.2 Design of Sidearm-Substituted Bisoxazoline Proligands

5.2 Synthesis of Sidearm-Substituted Bisoxazolines

The first target en route to the synthesis of sidearm-substituted bisoxazolines is the
methylbisoxazoline 118 shown in Scheme 5.2. Deprotonation of this species with an
appropriate base will allow for the attachment of various sidearms, through nucleophilic
substitution reactions with the corresponding alkyl halide. The synthesis of 118 commenced
with the borane reduction of D-phenylglycine to D-phenylglycinol 116 (84% yield). This
material was subsequently condensed with diethyl methylmalonate generating the bisamide
(117) in 75% yield. The synthesis of 118 was then completed upon tosylation of the primary
alcohols followed by intramolecular displacement by the amide oxygens (74%). Given the
lengthy reaction times for the second and third steps, we attempted to use more electrophilic
malonate derivatives including bisthioesters. However, these compounds proved difficult to
isolate on large scale, and were abandoned in favour of the more traditional approach

depicted in Scheme 5.2.
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75% yield

CH,Cl,, 1t, 96 h

OQYO
&/ \

N N
Ph Ph

118
74% yield

Scheme 5.2

The methylbisoxazoline 118 was selected as deprotonation of this species should
readily occur, providing the corresponding tertiary anion. Interception of anionic (118) could
then be accomplished with a variety of electrophiles, allowing for the divergent synthesis of
several sidearm-substituted bisoxazolines from a common intermediate. To this end, the alkyl
bromide (119) was synthesized from salicylaldehyde by first protecting the free phenol as the
tert-butyldimethylsilyl ether (TBS). This was deemed necessary as the formation of a
quinone methide may occur under the basic conditions required for alkylation of
methylbisoxazoline (118). The reduction of the aldehyde and subsequent Appel-type
bromination provided alkylating agent (119) in 90% overall yield (Scheme 5.3). Similarly, 2-
picolyl chloride hydrochloride was oxidized with meta-chloroperoxybenzoic acid (m-CPBA)
to the corresponding N-oxide (120). The free base of 2-picolyl chloride was also isolated by
extraction of the hydrochloride salt, and used in conjunction with the alkyl bromide (119),

and the N-oxide (120).
PPhg, CBry, CH5CN

H 1) TBSCI, imidazole, DMF HO Br
2) NaBH4, MeOH

O OH OTBS OTBS
salicylaldehyde 119
90%
overall yield
A | X
g m-CPBA, CHCl3 Ao
a© Ne NS
H 0o
2-picolyl chloride 120
hydrochloride 76% yield
Scheme 5.3
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Equipped with the three alkylating agents, we were ready to begin our initial studies
of the alkylation of methylbisoxazoline (118). To this end, treating 118 with 1.1 equivalents
of n-butyllithium at low temperatures readily generated the corresponding teriary anion
(Scheme 5.4). This solution was allowed to warm to room temperature, than cooled to 0 °C
prior to the addition of the alkylating agent. Alex Sun, a Ph.D student with Dr. Jennifer Love,
also successfully coupled the haloester with the methylbisoxazoline anion using sodium
hydride as base, affording the sidearm-substituted bisoxazoline 124. In general all alkylations
occurred in relatively good yield, and could be scaled to give gram quantities of the sidearm-

substituted bisoxazolines.**

R
G)/L(O n-BuLi, -78°C to rt OQZ(O
N NJ\ 0°C,RX, 24 h Q/ \
. “N N

PR Ph

Ph Ph

B [ e

oTBS 2 ZN.® i?:o
o) o) o o o o o o)
e S IR e o S e B G
LN N LN N LN N LN N

PR Ph PR Ph PR Ph PR Ph
121, 57% yield 122, 49% yield 123, 48% yield 124, 55% yield
Scheme 5.4

The final steps necessary in accessing the anionic sidearm-substituted bisoxazolines
involved the desilylation of 121 and the saponification of 124. This involved treating 121
with tert-butylammonium fluoride (TBAF) followed by acidic workup and chromatography
(Scheme 5.5). Alternatively, treating 124 with sodium hydroxide allowed for the formation
of the carboxylate 126.
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Scheme 5.5

5.3 Coordination Chemistry of Sidearm-Substituted Bisoxazolines

The sidearm bisoxazoline (125) possessing the free phenol was deprotonated in-situ
with sodium hydride, prior to the coordination to different metal salts. The metal salts
examined were Cu(MeCN),PF,, Cu(OTf)-toluene, Cu(OTf),, [ReCO,Cl],, PdCI,(CH,CN),,
and CoCl(PPh,);. The use of the rhenium carbonyl dimer ([Re(CO),Cl],) was suggested by
Dr. Alan Storr, as complexes containing this metal salt are typically highly crystalline.
Additionally, the remaining chloride ligand could potentially be displaced by our sidearm
substiuents, allowing for tridentate binding of the ligand (x’). We had hoped that solid-state
structural data could be obtained for such a complex, in order to assess whether x’ binding
modes were possible with sidearm-substituted bisoxazolines.

The ability of scoprionate ligands to fluctuate between the various binding modes (k'
to k°) allows for the stabilization of different oxidation states about the metal center. For
instance, solution state analysis of rhodium (I) trispyrazolylborate complexes indicates
predominately bidentate or k> binding.”"” Similar trispyrazolylborate complexes of rhodium
(IIT) demonstrate k° binding in solution, likely as a consequence of the greater stability of the
rhodium center upon tridentate binding.*'* The additional stability relates to the formation of
an octahedral rhodium (III) complex, where rthodium contains a fully occupied valence shell
(18-electrons). The formation of boat-type conformations is representative of this binding

mode for scorpionate complexes involving the pyrazolylborates.”"” The hypothetical binding
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modes of ligand 125 in anionic form is represented below. We hypothesized that if «’
binding was possible, asymmetric catalytic processes involving anionic proligands 125 and
126 may exhibit similar catalytic activity to that of the achiral complexes studied by Perez
(115). Additionally, we were concerned that complexes involving k° binding may be prone to
the formation of dimeric and oligomeric metal species via bridging of the carboxylate or

phenolate ions (Figure 5.3).

Figure 5.3 «? and «* Binding Modes

Investigation of the different binding modes (k* or k°) concerning the sidearm-
substituted bisoxazoline complexes was difficult to assess by 'H NMR spectroscopy,
especially with copper (I) and (II) salts. Attempts at crystallizing these coordination
complexes yielded a variety of foams, emulsions, and oils, which suggested that the anionic
tail of 125 may lead to the formation of oligomeric species. The use of the neutral phenol
with Cu(OTf), yielded crystals that were sufficient to establish the connectivity of the
complex. Unfortunately, the solid-state structural data was not of suitable quality to
determine bond lengths and angles. A representation is shown in Figure 5.4, where a
tetrahedral homoleptic copper (II) complex was evident, where two molecules of ligand 125
were bound. For clarity, the trifluoromethanesulfonate counterions, and the bisoxazoline

phenyl groups are omitted.
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Figure 5.4 Solid-State Structural Representation for Complex 127

Encouraged by the successful coordination of a neutral proligand to copper (II) we
decided to explore the coordination of pyridine-substituted bisoxazoline (122) and the
corresponding N-oxide analogue (123). We were particularly interested in coordinating these
ligands to various copper and iron salts, as complexes involving these metals are prevalent in
catalytic Nazarov cyclizations.” *** With this in mind we studied the complexation of
several metal salts including: copper, nickel, palladium, cobalt, rhodium, ruthenium, and iron
(II) and (III). Additionally, silver salts were added to complexes containing [Re(CO),)Cl],
and various copper salts, as a means of forcing k° binding.

Gratifyingly, crystallization of a coordination compound involving proligand 122 and
FeCl, was successful, and the Oakridge Thermal Elipsoid Plot is demonstrated below.
Similar to the homoleptic copper complex, the iron (II) complex was found to exist in k°
form in the solid state. The geometry of the complex was distorted tetrahedral, given the rigid
binding pocket characteristic of the bidentate bisoxazoline ligands, where the N4-Fe2-N5
bond angle was determined to be 86.7° (ORTEP numbering). Additionally, the angle for the
CI3-Fe2-Cl4 bond was determined to be 115.5°, which is expanded beyond the expected
angle of 109°. The pyridine sidearm faces towards the iron (II) center, suggesting that
tridentate binding may be fluxional in solution, or could be adapted upon treatment with a
halide abstraction reagent (Figure 5.5). However, intial attempts at promoting k” binding by

the addition of silver salts have thus far been unsuccessful.
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Figure 5.5 ORTEP for Complex 128

Similarly, the formation of complexes involving proligand 122 and the N-oxide
analogue (123) were successfully coordinated to the metal salt [Re(CO),Cl],. The ORTEP
diagram of the pyridine substituted bisoxazoline is shown below. The geometry of the
complex is distorted octahedral, with a N1-Re-N2 (ORTEP numbering) bond angle of
82.97°, similar to that observed for the iron (II) complex. Again, the pyridine sidearm faces
the rhenium center opposite the chloride ligand, suggesting that tridentate binding may be

adopted under the appropriate conditions (Figure 5.6).

Figure 5.6 ORTEP for Complex 129

The bisoxazoline containing the pyridine N-oxide sidearm was successfully
coordinated to [Re(CO),Cl],, the ORTEP diagram for this complex is shown below. The rigid
binding of the bisoxazoline results in a N1-Re-N2 bond angle of 80.92°, which is slightly
contracted from that observed for the pyridine substituted complex (82.97°). The geometry of
the complex is distorted octahedral, and the N-oxide functionality is bent slightly away from

the chlorine ligand in the apical position, which is positioned opposite relative to the pyridine
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substituted bisoxazolines in complexes (128) and (129).

Figure 5.7 ORTEP for Complex (130)

5.4 Conclusions

The successful synthesis and coordination of a series of sidearm-substituted
bisoxazoline proligands lends promise to the implementation of these molecules in
asymmetric catalysis. During, and shortly following the development of these complexes,
reports in the literature emerged regarding similar complexes in processes such as the
Nazarov cyclization and the cyclopropanation of olefins. The Tang group recently reported
that the indanyl trisoxazoline 132 outperformed the more rigid pybox analogue (131) in

catalytic asymmetric Nazarov cyclizations (Scheme 5.6).**

This is rather surprising given the
success of complex 131 in catalyzing the Nazarov cyclizations of less polarized dienones as
shown in Scheme 5.1. Interestingly, when the sidearm of proligand 132 is simply replaced
with a hydrogen atom, the enantioselectivity obtained is still greater than that for pybox
complex (131).* This result suggests that the sidearm may play a significant role in
conformationally orienting the activated dienone for torquoselective cyclization.
Furthermore, replacing the sidearm substituent with its respective enantiomer led to an
appreciable decrease in yield and enantiomeric excess. The reduction in selectivity suggests
that the sidearm substituent may interact with the bound dienone, and not in coordinating to
the copper center. The solid-state structural data obtained for our sidearm-substituted

bisoxazolines is consistent with this, where the sidearm appears to rest near the metal, and

could potentially influence rotation of a bound dienone.
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Scheme 5.6

Similarly, a recent report detailed the superior enantioselectivities obtainable with
trisoxazolines (133) realtive to the traditional bisoxazoline proligands (112) in asymmetric
cyclopropanation.™® The use of disubstituted diazoesters was possible, yielding quaternary
carbon stereocenters, and trisubstituted cyclopropanes with high enantio- and
diastereoselectivities. Additionally, para-substituted styrenes, conjugated alkenes, and
electron rich enol ethers were suitable substrates with the in-situ generated trisoxazoline-
copper complex. In general, high enantiomeric excesses ranging from 82-95% were
achievable under the optimized conditions; however, no details were provided regarding
whether other sidearms could achieve similar results. Interestingly, methylbisoxazolines

derived from L-valine also outperformed proligand 112 (Scheme 5.7).**
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The ability of sidearm-substituted bis- and trisoxazolines to provide superior results
relative to the traditional box and pybox proligands demonstrates the relevance in exploring
this ligand family. This may aid in expanding upon catalytic asymmetric processes for the
synthesis of useful synthetic building blocks including cyclopropanes, aziridines, and
cyclopentenones. We plan to expand upon the sidearm-substituted bisoxazolines reported
here, in an effort to develop asymmetric iron complexes capable of catalyzing the Nazarov
cyclization. This will involve synthesizing analogues to proligands 122, 125 and 126
containing amino acids other than phenylglycine. Furthermore, various sidearms including
amide, nitro, and para-substituted phenols will be examined, in order to assess the electronic

and steric influence of these groups on catalysis.

5.5 Experimental
5.5.1 General Procedures

Manipulation of organometallic compounds was performed using standard Schlenk
techniques under an atmosphere of dry nitrogen or in a nitrogen-filled Vacuum Atmospheres

drybox (O, <2 ppm). NMR spectra were recorded on Bruker Avance 300 or Bruker Avance
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400 spectrometers. 'H and *C NMR spectra are reported in parts per million and were
referenced to residual solvent: CDCI, = 7.26 'H NMR, 77.0 for "C NMR, for CD,Cl, = 5.32
'H NMR, 53.8 for "C NMR, d®* DMSO = 2.50 'H NMR, 39.4 for "C NMR. 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, br =
broad signal, dd = doublet of doublets, ddd = doublet of doublet of doublets, dt = doublet of
triplets, app. d = apparent doublet, app. t = apparent triplet, AB d = second order doublet, AB
t = second order triplet, AB q = second order quartet. Abbreviations for "C NMR (APT)
include C, CH, CH,, CH,; which correspond to quaternary, methine, methylene, and methyl
substitution respectively, where APT = attached proton test. The chemical shift value for
second order quartets and (AB q) were reported based upon the solution to the equation (1-3)
= (2-4) = [(Av)* + J*]"* where J = coupling constant (Hz) and Av = chemical shift difference
(Hz) = unknown value, and (1-3) or (2-4) represents left to right numbering of the individual
peaks related to the multiplet (Hz). The value for Av was then subtracted or added to the
middle of the coupling pattern and converted to ppm based upon spectrometer frequency. All
spectra were obtained at 25 'C. Mass spectra were recorded on a Kratos MS-50 mass
spectrometer. IR spectra for solid compounds were obtained using a Thermo Scientific
Nicolet 6700 FT-IR spectrometer equipped with the diamond Attenuated Total Reflectance.
All liquid samples were analyzed as thin films from solutions in dichloromethane on KCI
plates and were recorded with a Thermo Nicolet 4700 FT-IR spectrometer. UV analysis was

done with a Varian Cary 5000 UV spectrophotometer using HPLC grade CHCl;.

5.5.2 Materials and Methods

Dichloromethane and THF were purified, and degassed, via passage through solvent
purification columns.”’ All other reagents and solvents were obtained from commercial
sources and used as received, with the exception of DMF, which was vacuum distilled over
activated molecular sieves and kept in a schlenk tube under N,. An authentic sample of
[Re(CO),Cl], was generously donated by Dr. Alan Storr, and FeCl, (anhydrous) was by the
Mehrkhodavandhi lab. Sidearm-substituted bisoxazolines 124 and 126 were synthesized by
Alex Sun.
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5.5.3 Analytical Data

o)
NH,
NH HO™ Y~
HO)K;/ 2 NaBH,, BF;0Et, :
@ THF, reflux, 24 h @
116
84% yield

The following procedure is adapted from Organic Syntheses.” To a flame dried 3
necked round bottom equipped with two gas inlets, a serum cap and a large stir bar was
added NaBH, (9.961 g, 263 mmol, 2 equiv.). To this was added 200 mL of anhydrous THF
and the round bottom was equipped with an addition funnel equipped with a serum cap. The
addition funnel was charged with BF;OEt, (67 mL, 74.743 g, 527 mmol, 4 equiv.) under a
stream of N, and the solution added slowly over a 20 minute period. Gas evolution was noted
during the addition, but no significant exotherm was detected. The resulting slurry was left
to stir for an additional 20 minutes before the R-phenylglycine was added. The addition
funnel was replaced by a serum cap and then R-phenylglycine (20.186 g, 134 mmol, 0.67 M)
was added in portions over a 20 minute period to prevent any significant exotherm. Vigorous
gas evolution occurred during the addition of the R-phenylglycine. Once the addition of R-
phenylglycine was complete the round bottom was fitted with a reflux condenser and the
flask heated to reflux for 24 h. Following the reflux period the mixture was cooled to room
temperature and then to O °C and the solution was quenched with MeOH (wash grade).
Vigorous gas evolution was monitored by an external bubbler and the quench was judged to
be complete once gas evolution was considerably low or absent. The clear solution was then
concentrated in-vacuo. The crude mixture (white pasty oil) was then dissolved in 400 mL of
aqueous 20 % NaOH and stirred till a slight green colour persisted. The mixture was then
extracted with CH,Cl, (3 x 200 mL), a considerable emulsion develops and can be alleviated
by the addition of solid NaCl or a brine solution. The combined organic layers were dried
with brine and then Na,SO,, filtered and concentrated to give R-phenylglycinol (116, 84 %

yield), which was used without further purification.
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OH OH

116 117
75% yield

R-phenylglycinol (11.429 g, 83 mmol, 2 equiv.) was added to a ground glass
Erlenmeyer flask, which was equipped with a magnetic stir bar. To this was added
diethylmethylmalonate (7.2 mL, 7.294 g, 42 mmol) and the mixture heated to 110 °C for 48
hours under a N, atmosphere. Following the stir period, the yellow oil had become a caked
orange solid, which was dissolved in hot ethanol. This homogenous solution was
concentrated to near dryness, giving a white pasty oil. To this was added CHCI; and the
mixture was stirred for approximately 30 minutes in which a large amount of white solid
precipitated. This solid was vacuum-filtered and washed with cold CHCI, giving diamide 117
(75% yield). The duration of the reaction can sometimes improve the yield; however,
repetitive crystallization of the product from the mother liquor gives additional material as
well. The "H NMR spectrum was consistent with that reported in the literature, and diamide

117 was carried directly to the next step without additional purification.***

CH,Cl,, 1t, 96 h
oH M H o o

117

Ph O O Ph o
: p-TsCl, DMAP, NEt, 0 ; \
N N @N N\Z
Ph Ph
118

74% yield

A flame dried 3 necked round bottomed flask equipped with two gas inlets, a
magnetic stir bar, and a stopper was cooled under N,. To this was added diamide 117 (4.730
g, 13 mmol, 0.11 M) and 46 mL of CH,Cl,. To this was added NEt, (12 mL, 8.712 g, 86
mmol, 6.5 equiv.) and DMAP (0.178 g, 1 mmol, 11 mol %). The cake like solid was stirred
vigorously and a solution of p-TsCl was added in one 28 mL (CH,Cl,) portion (5.603 g, 29
mmol, 2.2 equiv.). The flask having contained p-TsCl was rinsed with one 10 mL portion of
CH,CI, and added to the solution. The mixture was then diluted to a final concentration of
0.11 M with respect to the diamide (122 mL CH,Cl,). The solid completely dissolved upon

addition of p-TsCl and a new white precipitate formed slowly while stirring for 96 hours
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under a static N, atmosphere. Following the stir period the crude mixture was poured into 60
mL 25 mM HCI. The layers were separated and then the aqueous layer back extracted with
ethyl acetate (2 x 30 mL). The combined organic layers were washed once with saturated
sodium carbonate (25 mL) and brine (25 mL), then dried over Na,SO, filtered and
concentrated in-vacuo. The mixture was purified by SiO, chromatography where the SiO,
was pretreated with a 10 % NEt; solution in hexanes. The compound was eluted by a gradient
of 2:1 hexanes:ethyl acetate slowly changed to 1:1 hexanes:ethyl acetate, where 1 % NEt;
was used as a coeluent. Following purification, bisoxazoline (118) was isolated in 74 %

yield. The 'H and "C NMR spectra were consistent with that reported in the literature.***

’ 1) TBSCI, imidazole, DMF 5
;
2)  NaBHj, MeOH
O OH 3) PPhj, CBry, CHsCN OTBS

salicylaldehyde 119

90%
overall yield

To a flame dried round bottomed flask, equipped with a magnetic stir bar and a serum
cap was added salicyaldehyde (4.2 mL, 4.872 g, 40 mmol). To this was added 5 mL of DMF
(2 mL/g alcohol) by syringe, which was previously distilled over 4A molecular sieves.
Subsequently, imidazole (6.811 g, 100 mmol, 2.5 equiv.) and TBDMSCI (7.257 g, 48 mmol,
1.2 equiv.) were added in one portion, followed by an additional 5 mL of DMF (total volume
DMF = 10 mL). The solution was a slight yellow, which later turned to deep orange as the
reaction progressed. The mixture stirred at ambient temperature for 72 h under a static
atmosphere of N,. The reaction was quenched by pouring the contents of the round bottom
flask into distilled water (10 mL), which was extracted with petroleum ether (light fraction, 3
x 10 mL). The combined organic layers were then washed with 10 % HCI (2 x 15 mL),
followed by distilled water (15 mL per wash) until the solution tested neutral by litmus. The
combined organic extracts were then dried over MgSO,, filtered, and concentrated in-vacuo.
This yielded the TBS-protected salicyladehyde (88 %, ca. 95 % purity based on 'H NMR
spectroscopy). The product was carried on to the next step without purification, the data for
the crude product matched literature data.*

The 2-(t-butyldimethylsiloxy)benzyl alcohol (9.609 g, 41 mmol, 0.34 M) was

dissolved in a small amount of anhydrous MeOH. This solution was then transferred to a
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flame dried round bottom equipped with a stir bar and a septa. The mixture was stirred under
N, and MeOH was added to give a total volume of 100 mL. To this was added NaBH, (2.309
g, 61 mmol, 1.5 equiv.) in one portion with rinsing MeOH (20 mL). A considerable amount
of heat was generated upon addition of NaBH, and necessitated the use of an ice-water bath
to cool the reaction flask. The mixture was allowed to warm to room temperature once the
bubbling had subsided, and was allowed to stir for 4 hours under a static atmosphere of N,.
Once the reaction was judged complete by TLC, the reaction was quenched by the addition
of brine (50 mL). The solution was then concentrated in-vacuo and washed with ether (3 x 20
mL). The organic layer was separated and the remaining aqueous layer was extracted another
three times with ether (3 x 10 mL). The combined organic fractions were then washed twice
with 10 % HCI (2 x 20 mL) and twice with distilled water (2 x 20 mL). The organic extracts
were then dried over MgSO,, filtered, and concentrated in-vacuo to afford the crude alcohol
(91 %, ca. 95 % purity based on 'H NMR spectroscopy). The crude product was directly
taken to the next step without further purification. The crude product matched literature
data.**

The crude alcohol (7.937 g, 33 mmol, 0.24 M) was dissolved in 40 mL of HPLC
grade acetonitrile and stirred under N, in a flame dried round bottom equipped with a septa.
The solution was then diluted with another 60 mL of acetonitrile and cooled to 0 °C via an
ice-water bath. To this solution was added CBr, (13.291 g, 40 mmol, 1.2 equiv.) in 20 mL of
acetonitrile. Following this PPh; was added (10.588 g, 40 mmol, 1.2 equiv.) in another 20
mL of acetonitrile (total volume = 140 mL). The solution was then allowed to warm to room
temperature overnight and stirred under a static atmosphere of N,. Following the stir period
the solution turned a slight brown, when the solution was originally clear. The solution was
then concentrated in-vacuo and added to a fritted funnel filled with a layer of SiO, (bottom)
and a layer of celite (top). The filter pad contained a small excess of hexanes to precipitate
any triphenylphosphine oxide prior to reaching the silica layer. The material was then eluted
with hexanes with a small amount of DCM to ensure solubility of the desired product. This
provided the alkyl bromide 119 (90 % yield from salicaldehyde, slightly contaminated with
CH,CL,). The '"H NMR matched literature data.**

175



oTBS
QOWJ\(O:( 1) n-BuLi, ~78°C to rt

N N 2)  0°C,24h o o
PH Ph 1/ \:(
118 o N
Br Ph Ph
121
oTBS 57% yield

119

To a flame dried round bottom was added methylbisoxazoline 118 (0.343 g, 1 mmol)
as a 0.2 M solution in anhydrous THF (5 mL). The mixture was stirred under N, and cooled
to —78 °C. To this was added n-buLi (0.75 mL, 1.58 M, 1.2 mmol, 1.2 equiv.) over a 5
minute period. The solution of n-buLi was titrated against N-benzylbenzamide prior to use.”*'
The addition of n-buLi to the solution of methylbisoxazoline produced a red colour, where
the intial solution is colourless or slightly yellow. The solution was then warmed to 0 °C with
a ice-water bath, this sometimes can induce a colour change from red to green, depending on
the scale of the reaction. The solution was stirred for 30 minutes at 0 °C, following this,
bromide 119 was added (0.328 g, 1.1 mmol, 1.1 equiv.) as a 0.5 M solution in anhydrous
THF (2.2 mL). The solution turned from a red colour to a yellow upon the addition of the
alkylating agent. The mixture was then left to stir overnight under N, at room temperature.
The reaction was quenched with brine (3 mL) and the aqueous layer extracted with ethyl
acetate (3 x 10 mL). The combined organic layers were then dried over Na,SO,, filtered and
concentrated in-vacuo. The crude product was purified by column chromatography using 1:1
hexanes:ethyl acetate, providing the sidearm-substituted bisoxazoline (121) in 57 % yield. '"H
NMR (CD,Cl,, 400 MHz): 6 7.35 - 7.28 (m, 10H), 7.22 - 7.13 (m, 4H), 6.89 - 6.87 (d, 2H,
7.7 Hz),5.25 -5.24 (dd, 1H,J = 10.1, 8.4 Hz), 5.19 - 5.17 (dd, 1H,J = 10.1, 7.7 Hz), 4.74
-4.68 (ddd, 2H, 10.1,8.4,4.1 Hz),4.16 - 4.12 (AB q,2H,J =8.3,7.6 Hz), 3.51 - 348 (AB
q,2H,J =163 Hz), 1.51 (s, 3H), 1.04 (s, 9H), 0.26 (app. d, 6H, J = 6.6 Hz). "C{APT} NMR
(CD,Cl,, 100 MHz): 6 169.6 (2 peaks, C), 155.0 (C), 143.2 (two peaks, C), 132.1 (CH),
128.9 (two peaks, CH), 128.1 (CH), 127.7 (two peaks, CH), 127.1 (two peaks, CH), 121.2
(CH), 119.2 (CH), 75.5 (CH,), 70.0 (two peaks, CH), 44.7 (C), 35.0 (CH,), 26.1 (CH;), 210
(CH,), 18.6 (0), -3.9 (two peaks, CH,). Abundance of peaks in the 'H and "C NMR may be
attributable to hindered rotation or distortions in the pseudo C,-symmetry. HRMS (ESI) m/z
caled for [C;;H,N,0,Si+Na]": 563.2706; found: 563.2704. IR (thin film): 3030, 3062, 2930,
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2897,2858, 1652, 1600, 1581, 1492, 1472, 1453.
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To a flame dried round bottom, equipped with a magnetic stir bar and a serum cap,
was added 118 (0.995 g, 3 mmol) as a 0.12 M solution in anhydrous THF (26 mL). The
solution was cooled to —78 °C and then 1.9 mL n-buLi was added over a 5 minute period
(198 M, 3.8 mmol, 1.3 equiv.). The solution of n-bulLi was titrated against N-
benzylbenzamide prior to use.*' The addition of n-buLi turned the solution from
colourless/yellow to a reddish colour. The flask was then warmed to room temperature,
stirred for 5 minutes, then cooled back to —78 °C and picolyl chloride was added as a solution
in 13 mL THF (0.512 g, 4 mmol, 0.3 M). The picolyl chloride was prepared from picolyl
chloride hydrogen chloride salt by the method of Gan et. al. and distilled before use.” The
solution was left to stir overnight under N,. The reaction was quenched with brine (15 mL)
and extracted with ethyl acetate (3 x 10 mL). The combined organic layers were then dried
over Na,SO,, filtered and concentrated in-vacuo. The crude product was purified by column
chromatography with an eluent of 1% MeOH in DCM, which was gradually increased to 5%
or 10% MeOH. The column was flushed with MeOH, which eluted the sidearm-substituted
bisoxazoline (122) in 49 % yield. 'H NMR (CD,Cl,, 400 MHz): 6 8.54 (app. d, 1H, 4.0 Hz),
7.59 (td, 1H, 7.7, 1.8 Hz), 7.35 - 7.16 (m, 13H), 5.22 - 5.21 (dd, 1H,J = 10.0, 8.5 Hz), 5.16
-5.15(dd, 1H, 10.1, 7.7 Hz), 4.69 (AB ddd, J = 10.0, 8 4, 1.6 Hz), 4.14 (app. dt,2H,J = 8.3,
7.9 Hz), 3.59 - 3.57 (AB q, 2H, J = 15.6 Hz), 1.61 (s, 3H). "C{APT} NMR (CD,Cl,, 100
MHz): § 169.3 (C, two peaks), 157.9 (C), 149.5 (CH), 143.0 (C, two peaks), 136.3 (CH),
129.0 (CH, two peaks), 127.8 (CH, two peaks), 127.2 (CH, two peaks), 125.2 (CH), 122.0
(CH), 75.7 (CH,, two peaks), 70.0 (CH, two peaks), 44.3 (CH,), 43.6 (C), 21.7 (CH,).
Abundance of peaks in the 'H and "C NMR may be attributable to hindered rotation or
distortions in the pseudo C,-symmetry. HRMS (ESI) m/z calecd for [C,;H,sN,O,+H]"
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412.2025; found: 412.2032. IR (thin film): 30611.1, 2984.7, 2898.5, 1653.2, 1589.3, 1569 .5,
1493.8, 1473.5, 14545, 1435 3.
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To a flame dried round bottom, equipped with a magnetic stir bar and a serum cap,
was added 118 (1.926 g, 6 mmol) as a 0.13 M solution in anhydrous THF (46 mL). The
solution was cooled to —=78 °C and n-buLi was added over a 5 minute period (5.2 mL, 1.78
M, 9.3 mmol, 1.5 equiv.). The solution of n-buLi was titrated against N-benzylbenzamide

prior to use.*"!

The solution turned from colourless/yellow, to a reddish colour. The solution
was allowed to warm to room temperature, stirred for 5 to 10 minutes and cooled to -78 °C.
The picolyl chloride N-oxide (120) was prepared from picolyl chloride hydrogen chloride

salt by the method of Yoo et. al.™'

The N-oxide was then added, in wide excess, as a solution
in THF to the mixture and the flask was allowed to warm to room temperature and stir
overnight under N,. The reaction was quenched with brine (25 mL) and extracted with ethyl
acetate (3 x 20 mL). The combined organics were dried over Na,SO,, filtered and
concentrated in-vacuo. The crude product was purified by column chromatography 1%
MeOH in DCM, which was increased to 5 or 10% MeOH in DCM, providing 123 in 48 %
isolated yield. 'H NMR (CD,Cl,, 400 MHz): & 8.54 (app. d, 1H,J = 4.0 Hz), 7.59 (td, 1H,J =
7.7,1.8 Hz), 7.35 - 7.16 (m, 13H), 522 - 5.21 (dd, 1H,J = 10.0, 8.5 Hz), 5.16 - 5.15 (dd,
1H,J =10.1,7.7 Hz), 4.69 (AB ddd, J = 100, 8.4, 1.6 Hz), 4.14 (app. dt,2H,J =8.3,7.9
Hz),3.59 - 3.57 (AB q,2H,J = 15.6 Hz), 1.61 (s, 3H). "C{APT} NMR (CD,Cl,, 100 MHz):
d 168.7 (C, two peaks), 148.5 (C), 143.0 (C, two peaks), 139.6 (CH), 133.8 (CH), 1304
(CH), 130.0 (CH), 1289 (CH, three peaks), 128.8 (CH), 127.8 (CH), 127.2 (CH), 127.1
(CH), 1254 (CH), 125.2 (CH), 124.6 (CH), 124.3 (CH), 124.2 (CH), 124.1 (CH, two peaks),
123.5 (CH), 759 (CH,, two peaks), 70.1 (CH,), 699 (CH,), 67.2 (CH,), 67.0 (CH,), 61.5
(CH, or C), 43.6 (C), 35.9 (CH,), 22.1 (CH,). Abundance of peaks in the '"H and "C NMR
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may be attributable to hindered rotation or distortions in the pseudo C,-symmetry. HRMS
(ESI) m/z caled for [C,sH,sN;O,+H]": 428.1974; found: 428.1964. IR (thin film): 3396.4,
2958.4,1731.0,1654.8, 1492.6, 1436.5, 1352.3, 1243 5.

OTBS OH
TBAF, THF, 0°Ctort
O O (o) (0)
I I
N N N N
Ph Ph Ph Ph
121 125
81% yield

To a flame dried round bottom, equipped with a magnetic stir bar and a serum cap,
was added 121 (0.195 g, 0.36 mmol) as a 0.18 M solution in anhydrous THF (2 mL). The
mixture was cooled to 0 °C, to this was added 1.5 mL of tetrabutylammonium fluoride
(TBAF, 1.0 M in THF, 1.5 mmol, 4 equiv.). The solution turned from a colourless/yellow to
a brown and was stirred for 5 minutes at O °C and then warmed to room temperature and
stirred under N, for an additional 5 hours. The reaction was quenched with a saturated
ammonium chloride solution (1 mL) and the aqueous layer extracted with ethyl acetate (3 x
10 mL). The combined organics were then washed with brine (10 mL), dried over MgSO,,
filtered, and concentrated in-vacuo. The crude mixture was purified by column
chromatography with an eluent of 4:1 hexanes:ethyl acetate which was gradually increased to
1:1 hexanes:ethyl acetate. This gave phenol 125 in 81% isolated yield. "H NMR (CDCl,, 400
MHz): § 11.05 (s, 1H), 7.36 — 7.29 (m, 9H), 7.12 - 7.10 (m, 4H), 6.89 (app. d. IH,J =7.1
Hz), 6.80 (app.t. 1H,J =64 Hz),5.31 -5.30 (dd, 1H,J =9.9,9.0 Hz), 5.25 - 5.23 (dd, 1H,
10.1, 8.2 Hz), 4.72 - 4.66 (m, 2H), 4.16 (t, 2H, 8.2 Hz), 3.48 (AB d, 1H, J = 14.2 Hz), 3.25
(AB d, 1H, J = 14.2 Hz), 1.74 (s, 3H). "C{'"H} NMR (CDCl,, 100 MHz): § 170.8, 170.2,
156.2, 141.5, 141.3, 133.0, 128.7 (three peaks), 127.8, 127.7, 126.7, 126 4, 123.7, 1194,
119.2, 75.9, 75.6, 44.8, 38.1, 22.2. Abundance of peaks in the 'H and 5C NMR may be
attributable to hindered rotation or distortions in the pseudo C,-symmetry. HRMS (ESI) m/z
calcd for [C,,H,,N,O5+Na]": 449.1841; found: 449.1832.

179



| A
_N
FeCl, (anhydrous)

0} 0} DCM, rt, 24 h /Fe
s S
—N N

Ph Ph
122 128

In a N, atmosphere glovebox, a solution of proligand 122 was prepared with a
concentration of 0.24 M in DCM. 500 pL (0.0502 g, 0.12 mmol) of this solution was then
transferred to a 20 mL vial containing 0.0172 g of FeCl, (0.14 mmol, 1.1 equiv). The light
yellow solution was stirred for 24 hrs until the solution became homogenous. The mixture
was then passed through a pipette filled with celite and eluted with a small amount of DCM,
then the celite pad was washed with hexanes to layer the solution. This yielded colourless
prisms suitable for X-ray analysis. HRMS (ESI) m/z calcd for [C,H,sN;0,”CI*°Fe —CI]*:
502.0985; found: 502.0988.

N O—_,Phai
— AN
[Re(CO)4(Cl2 &N ,,,,, | .co
— ‘Re:
o o) DCM, 1t, 24 h CNQ — | ~co

122 129

In a N, atmosphere glovebox, a solution of proligand 122 was prepared with a
concentration of 0.24 M in DCM. 500 pL (0.0502 g, 0.1 mmol) of this solution was then
transferred to a 20 mL vial containing 0.0418 g of [Re(CO),Cl], (0.063 mmol, 0.6 equiv).
The pasty orange solution was stirred for 24 hrs upon which the colour changed to a clear
deep orange. The homogenous solution was then passed through a pipette filled with celite
and eluted with a small amount of DCM, then the celite pad was washed with hexanes to
layer the solution. This yielded colourless plates suitable for X-ray analysis. HRMS (ESI)
m/z calcd for [C,,H,sN,05'"¥Re —CI]*: 680.1324; found: 680.1314.
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In a N, atmosphere glovebox, a solution of proligand 123 was prepared with a
concentration of 0.23 M in DCM. 500 pL (0.0492 g, 0.1 mmol) of this solution was then
transferred to a 20 mL vial containing 0.0396 g of [Re(CO),Cl], (0.059 mmol, 0.6 equiv).
The pasty orange solution was stirred for 24 hrs upon which the colour changed to a clear
deep orange. The homogenous solution was then passed through a pipette filled with celite
and eluted with a small amount of DCM, then the celite pad was washed with hexanes to
layer the solution. This yielded colourless crystals suitable for X-ray analysis. 'H NMR
(CD,(Cl,, 400 MHz): & 8.33 (app. d, 1H, 6.4 Hz), 7.44 - 7.21 (m, 13H, 7.7), 6.73 (app. d, 2H,
J=7.1Hz),534 (app. t, 1H,J =10.2,9.6 Hz), 544 - 542 (dd, 1H,J = 104, 6.4 Hz), 4.93
-491(dd, 1H,J =104,8.4 Hz),4.87 - 4.86 (dd, 1H,J = 10.6, 8.8 Hz), 4.32 - 4.31 (dd, 1H,
J=83,65Hz),4.08 (d, 1H,J=14.5Hz),398 (t, 1H,J =89 Hz),3.43 (d, 1H,J = 14.5 Hz),
2.14 (s, 3H). "C{APT} NMR (CD,Cl,, 100 MHz): & 172.9 (C), 171.3 (C), 147.0 (C), 140.3
(CH), 139.2 (C), 139.0 (0), 1290 (CH), 1289 (CH), 128.6 (CH), 128.3 (CH), 127.9 (CH),
126.0 (CH), 125.8 (CH), 77.6 (CH), 76.6 (CH,), 76.2 (CH,), 76.0 (CH), 44.9 (C),41.5 (CH,),
27.8 (CH;). Abundance of peaks in the 'H and "C NMR may be attributable to hindered
rotation or distortions in the pseudo C,-symmetry. HRMS (ESI) m/z caled for
[C,oH,sN;04'%Re —Cl]*: 696.1273; found: 696.1265. IR (neat solid): 3034.8, 2921.9, 2853.0,
2014.2,1877.7,1646.8, 1442 .4, 1234.0. UV-vis (CHCl,): 229.0,290.0 nm.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

The development of novel catalytic methods for the formation of carbon-sulfur bonds
is important in the discovery and synthesis of vauable chemotherapeutics. Cross-coupling
technologies have facilitated the identification of biologically active molecules, and enabled
the large-scale synthesis of active pharmaceutical ingredients."' These methods are best
suited for the synthesis of aryl sulfides, where preparation of vinyl sulfides is often limited by
the availability of the vinyl halide precursors. The discovery of vinyl sulfones as promising
treatments for malaria, African sleeping sickness, and Chagas disease illustrates the
importance of developing new methods towards vinyl sulfides.* '>* To this end, the use of
alkyne hydrothiolation has not been applied to the synthesis of biologically active molecules
containing vinyl sulfides and their oxidized derivatives (sulfoxides and sulfones). The
development and application of our alkyne hydrothiolation methodology employing either
RhTp*(PPh;), or Wilkinson’s catalyst demonstrates considerable promise in the synthesis of
vinyl sulfone containing chemotherapeutics.'** '** Furthermore, alkyne hydrothiolation with
either rhodium (I) catalyst represents the first reports capable of tolerating less reactive alkyl
thiols. This is significant, as investigation of structure activity relationships (SAR) involving
K777 have demonstrated that benzyl sulfones possess greater biological activity than the
analogous phenyl substituted derivatives.” Our development of a catalytic alkyne
hydrothiolation using Wilkinson’s catalyst is ideally suited towards further evalution of SAR
pertaining to vinyl sulfone cysteine proteases. This is made possible by the tolerance of this
method towards a broad range of aryl and alkyl thiols. During the development of this
process, we discovered interesting directing group influences involving substrates such as
propargyl amines, and aryl ethers. The presence of a propargyl heteroatom seems to increase
the proportion of the branched vinyl sulfide, rather than the desired E-linear isomer.
Gratifyingly, the hydrothiolation of alkynes derived from boc-protected a-amino acids
provided exclusive selectivity for the E-linear vinyl sulfide, constituting a formal synthesis of
K777. We encountered similar difficulites in the attempted synthesis of ON 01910.Na, a
promising cancer chemotherapeutic. The aryl alkyne required for this synthesis possesses two

ortho-methoxy groups, which seem to influence the regioselectivity of the alkyne
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hydrothiolation in favour of the branched regioisomer. This observation was supported byt
the use of aryl alkynes lacking ortho-methoxy groups, which yielded greater proportions of
the expected E-linear isomer.

The diverse reactivity of sulfur containing molecules prompted us to evaluate the use
of alkyne hydrothiolation in synthetic transformations involving the Nazarov cyclization. To
this end, heteroaromatic dienones with B-sulfide substituents were evaluated in the Nazarov
cyclization. The use of microwave irradiation largely accelerated this reaction, allowing for
the isolation of the corresponding cyclopentanones in reasonable yield. The Nazarov
cyclizations of these vinylogous thioesters appeared to be highly sensitive to sulfur
substitution. Limited substrates were tolerated under the optimized conditions, where
elimination of the sulfide following cyclization, or polymerization of the starting dienone
represented competing reactions. The use of more reactive 3-substituted thiophenes tolerated
a more diverse array of substitution about the vinylogous thioester. However, attempts at
developing a one-pot Michael addition, Nazarov cyclization were unsuccessful, as alkylation
of the thiol siginificantly lowered yields. Rearrangement of the 2 or 3-substituted thiophene
dienones suggest that multiple pathways exist for the formation of the thiaindanone products.

The use of furan and pyrrole substituted dienones demonstrated opposite reactivity
under the optimized conditions for 2-substituted thiophenes. The former proved inert to the
optimized conditions, while the latter likely cyclized to an appreciable extent prior to
microwave irradiation. Interestingly, use of benzothiophene substituted vinylogous thioesters
demonstrated remarkable reactivity in the Nazarov cyclization. The desired cyclopentanone
formed during the synthesis of the dienone, following the Sonogashira-type cross-coupling,
Michael addition sequence. Analogously, benzofuran containing vinylogous thioesters also
seemed to form the desired cyclopentanone during the synthesis of the starting material. This
was largely unexpected, as the furan derivatives demonstrated little to no reactivity during
the Nazarov cyclization.

Lastly, several sidearm-substituted bisoxazoline proligands were developed in order
to explore catalytic asymmetric Nazarov cyclizations, or olefin aziridinations. The successful
coordination of these compounds to a variety of transition metals shows promise for the
development of chiral Lewis acids capable of initiating the Nazarov cyclization. The

literature precedent that sidearms capable of flexible binding with transition metals,
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outperform more traditional rigid chelating ligands characteristic of the pybox family. The
question of whether this sidearm effect is based upon coordination of the group or by it

simply occupying a portion of the chiral space about the transition metal is still unanswered.

6.2 Future Work

The aforementioned ability of heteroatom substituents in dictating the regioselectivity
of alkyne hydrothiolation poses problems to the synthesis of medicinally active molecules
containing E-linear vinyl sulfones. A potential solution to this problem would be in the
synthesis of rhodium (I) precatalysts capable of stronger binding with the alkyne m-system. A
simplified approach towards this could involve the preparation of rhodium (I) catalysts with
bulky phosphine ligands, where steric clashing may deter chelation of the heteroatom to the
metal center. The development of such complexes is certainly necessary in improving the
selectivity observed in the synthesis of the vinyl sulfide intermediate en route to the synthesis
of ON 01910.Na. Additionally, a more thorough evaluation of nitrogen and oxygen
protecting groups may lead to an optimum balance of the steric and electronic influence these
heteroatoms may have on alkyne hydrothiolation. Overcoming the challenges presented by
these substrates will prove invaluable in the synthesis of K777 and ON 01910.Na, as well as
the synthesis of analogues for evaluation of structure activity relationships. Furthermore,
more active precatalysts may allow for the reduction of catalyst loadings, allowing for
preparation of these important molecules on larger scale. The suspension of these catalysts on
solid supports may also prove amenable to large-scale synthesis, by simplifying purification
of the vinyl sulfide, and allowing for catalyst recyclability.

The Nazarov cyclization of sulfur-substituted dienones likely could be improved upon
cyclopropanation of the vinylogous thioesters. The use of these substrates allows for the
synthesis of heteroaromatic-substituted cyclohexanones, and is referred to as the homo-
Nazarov cyclization. The synthesis of the necessary substrates could be achieved with the
known a-diazo esters, where cyclopropanation with alkyl or aryl vinyl sulfides provides the
requisite starting materials. The a-diazo esters are known to undergo cyclopropanation with
various styrenes using the conditions in Scheme 6.1.%* Given the electron rich nature of vinyl
sulfides relative to styrenes, cyclopropanation of these compounds should proceed readily.

This approach would take advantage of the numerous vinyl sulfides synthesized via our

184



alkyne hydrothiolation methodology with Wilkinson’s catalyst. Additionally, heteroatom
substitution of the cyclopropane is known to accelerate the homo-Nazarov cyclization by
stabilization of the carbocation generated by ring-opening of the strained three-membered
ring.”> The synthesis of the sulfur-substituted cyclopropanes could also serve as a testing
ground for asymmetric cyclopropanations using the complexes discussed in chapter 5.
Furthermore, the presence of the a-keto ester functionality may allow for the evaluation of
our sidearm-substituted bisoxazoline proligands in catalytic asymmetric homo-Nazarov
cyclizations.

The heteroaromatic-substituted vinylogous thioesters synthesized in chapter 4 may be
converted into their respective cyclopropanes upon treatment with a suitable reagent. This
could involve treating the vinylogous thioesters with nucleophilic sulfur ylides (Corey-
Chaykovsky), or electrophilic diazoesters in the presence of catalytic amounts of copper
salts. The reaction of aromatic vinylogous esters (chromones) with a combination of
TMSOTf and Cu(OTf), provides the corresponding cyclopropanes in good yields.”
Extending these conditions to the heteroaromatic-substituted vinylogous thioesters may
provide access to similar cyclopropanes as those shown in Scheme 6.1. Investigation of the

homo-Nazarov cyclization of these compounds will likely provide access to structurally

diverse heteroaromatic cyclohexanones.
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Scheme 6.1

Lastly, mechanistic investigations regarding the observed rearrangements during
cyclization of the 2 and 3-substituted dienones warrant further investigation. As the current
evidence 1is largely circumstantial, further spectroscopic evaluation of the cyclopentanone
products generated in DCE and CH;CN, at ambient temperature and under microwave
irradiation, is necessary. In particular, an Incredible Natural Abundance Double Quantum
Transfer (INADEQUATE) experiment could help unambiguously assign the "“C-
connectivities for the ketone with the adjacent thiophene resonances. By "C labeling the
carbonyl carbon, analysis of the °J and °J couplings could also provide unambiguous
evidence regarding the connectivity. Furthermore, treatment of dienones like (134) with
TfOH in DCE using conventional or microwave heating may facilitate rearrangement to the
3-substituted derivative, as the methoxy group may stabilize the carbocation formed upon
spirocyclization. Similarly, if the rearrangement occurs via a spirocyclic intermediate capable
of forming carbocations, or acylium ions, the use of external trapping agents may intercept
these species. The trapping agent could also be appended to the sulfur atom, provided that the

substituent does not interfere during reaction with Lewis or Brgnsted acids. If products
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corresponding to inter- or intramolecular trapping can be isolated, this would provide

evidence for a Friedel-Crafts type pathway during the cyclization of the dienones

investigated.
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Appendix A: X-ray Data for Chapter Five.

General Considerations

All crystals were mounted on a glass fiber and measurements recorded on a Bruker
X8 APEX II diffractometer with graphite monochromated Mo-Ka radiation. The temperature
during collection was —100 °C and the distance between the crystal sample and detector
varied from 36.00 to 50.00 mm. The data collected was integrated using the Bruker SAINT

software package and the solid-state structure solved by direct methods.

Figure A.1 Original ORTEP Diagram of Complex 128
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Figure A.2 Original ORTEP Diagram of Complex 129

C14

Figure A.3 Original ORTEP Diagram of Complex 130

200



Table A.1: Selected Crystallographic Parameters for Compounds 128-130

Compound 128 129 130
Dataset ID jl057 jl054 jlo6l
Empirical formula C53H5,NgOFe,Clg C,9H,5N305ReCl CyoH,5N304ReCl5
Formula weight (g/ mol) 1161.41 717.17 818.10

N A 0.71073 0.71073 0.71073
Crystal system orthorhombic orthorhombic orthorombic
Space group P2,2,2, (#19) P2,2,2, (#19) P2,2,2, (#19)
a/ A 9.2586(13) 10.5991(11) 10.4938(15)
b/ A 14.4048(19) 14.5686(14) 11.1197(16)
¢/ A 40.801(5) 17.1386(18) 24.986(4)
a/° 90.0 90.0 90.0

p/o 90.0 90.0 90.0

y/° 90.0 90.0 90.0

V/ A3 5441.5(13) 2646.4(5) 2915.5(7)

Z 4 4 4

Dc/ g cm™3 1418 1.800 1.864

w cm-! 8.78 47.38 4493

F(000) 2392.00 1408.00 1608.00

Crystal size/ mm3

emax/ ©
Reflections collected

Independent reflections
[R(int)]

Max. and Min. transmisson
Goodness-of-fit on F2

R [I>20(I)]

R (all data)

Largest diff. peak and hole
(e/ A3)

0.12x0.32x0.44
25.6

36166
9886 [0.024]

0.900,0.738
1.21

R1=0.067, wR2 =
0.141

R1=0.0877,wR2 =
0.1958

0.747 and -0.524

0.03x0.12x0.24
28.0

30216
6369 [0.035]

0.867,0.590
1.04

R1=0.019,wR2 =
0.040

R1=0.022, wR2 =
0.041

0.85 and -0.39

0.32x0.40 x 0.50
28.2

32918
7077 [0.036]

0.237,0.166
1.09

R1=0.025,wR2 =
0.055

R1=0.027,wR2 =
0.056

1.21 and -1.25
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